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Debris Flow Dating
and Magnitude Reconstruction

Juan Antonio Ballesteros-Canovas, Markus Stoffel,
Tjalling de Haas and José Maria Bodoque

Abstract

Debris flows typically occur in mountain
regions with high energy relief, complex geol-
ogy and extreme climate conditions, where
they often affect humans as well as their cul-
tural and economic assets. Understanding
the frequency and magnitude of debris flows
is essential to conduct reliable hazard and
risk assessments in the context of climate
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warming. However, observational records
of past and recent debris flows are unusual
worldwide and difficult to gather. In this chap-
ter, we review methodological advances (after
Jakob, Debris flow hazards and related phe-
nomena, Springer, 2005) on debris flow dating
and magnitude estimation. We briefly describe
the theoretical basis of classical absolute and
relative dating techniques, including radio-
metric, botanical and historical as well as
modern approaches based on remote sensing.
We also review different existing strategies
to quantify the magnitude of debris flow ret-
rospectively, including empirical equations
on different parameters (volume, affected
area, peak discharge or frontal flow veloc-
ity) and the use of latest-available numerical
models. Finally, we discuss the applicability
and limitations of the frequency-magnitude
relationship in the context of hazard and risk
assessments. The approaches provided in this
chapter are grounded on field-truthed evi-
dence and contribute to more assertive spatial
decision-making and to build more resilient
societies in the context of climate warming.

Abbreviations

Gravity (m/s?)
Curvature radii (m)
Superelevation gradient (°)
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8.1 Introduction

Estimating the frequency and magnitude (FM)
of debris flows is critical for gaining a better
process understanding and conducting reliable
hazard and risk assessments (Jakob et al., 2016;
Thouret et al., 2020; Jakob and Nolde, this vol-
ume). Flow magnitude controls flow velocity,
flow depth, peak discharge, inundation area,
and thereby the amount of damage and number

of fatalities (Dowling & Santi, 2014; Griswold
& Iverson, 2008; Rickenmann, 1999), and fre-
quency determines how often life and property
are at risk. Furthermore, the FM of debris flows
is of crucial importance for land-use and infra-
structure planning and understanding landscape
evolution (Brardinoni & Hassan, 2006; Mao
etal.,, 2009; McCoy, 2015). Dating and mag-
nitude quantification of past and recent events
not only enable us to decipher climate trigger
mechanisms (Stoffel, 2010; Stoffel et al., 2014;
Schneuwly-Bollschweiler and Stoffel, 2012;
Heiser et al., 2022), but also to identify the influ-
ence of environmental changes on the debris
flow process (Cannon & DeGraff, 2009; de Haas
etal., 2018a, 2018b). Long-term records are also
the basis for the identification of past, present and
future debris flow trajectories, which contributes
to determining how they will evolve under cli-
mate change scenarios (Jakob et al., 2020; Stoffel
et al., 2014; Winter et al., 2010; Stoffel et al., this
volume). Importantly, extensive databases of past
debris flows provide ground-truthed evidence for
the calibration of numerical hydrodynamic mod-
els, thereby facilitating the mitigation of impacts
to infrastructure and people. However, such long-
term records are still uncommon worldwide and
are often difficult to gather because debris flows
have long return periods (van Steijn, 1996) and
frequently occur in mountain regions where
observation and monitoring of such events is
challenging (Imaizumi et al., 2006). The alter-
native to this lack of records is the retrospective
reconstruction of debris flows that occurred in the
past. This approach has become relevant to over-
come the lack of baseline data (Savi et al., 2014;
Schiirch etal., 2016), especially in mountain
areas with recent human developments. It relies
on the analyses of geomorphic, geological or
botanical evidence, as well as historical archives
(Bodoque etal., 2015; de Haas & Densmore,
2019; Jakob etal., 2020). The global applica-
bility of near-real-time remote satellite sensors
has also contributed to significant methodologi-
cal advancements in this field over the past few
decades.

The applicability of the existing dating tech-
niques is greatly dependent on the nature and



8 Debris Flow Dating and Magnitude Reconstruction

221

requirements of each study, as different tech-
niques offer varying spatio-temporal coverage
and precision. For instance, radiometric-based
techniques such as radiocarbon ('4C), Cosmic
Ray Exposure (CRE), Optically Stimulated
Luminescence (OSL), and Thermoluminescence
(TL) are employed to date debris flow depos-
its (Diihnforth et al., 2007, 2017; D’Arcy et al.,
2015; Schiirch et al., 2016). Dendrochronology
is also used to determine the absolute date, by
identifying the growth response of trees to geo-
morphic changes caused by debris flows (Jakob,
2010; Stoffel etal., 2016). Radiometric tech-
niques allow absolute dating over thousands
of years, although with decadal or interannual
precision. By contrast, dendrochronological
approaches only cover the past few centuries,
but yield data with high temporal precision
(annual to seasonal resolution). Lichenometry is
typically used to date the absolute (where date
control is available) and/or relative age of lichen
colonies on mobilized debris and boulders
(Tanarro Garcia et al.,, 2022; Bernhardt et al.,
2017; Evans et al., 1999). In recent decades, the
increase in the number and quality of satellite
sensors have also allowed analysis and record-
ing of debris-flow activity in remote moun-
tain regions with a dating accuracy of often
up to a few days (Munoz-Torrero et al., 2021).
Historical archives (i.e. description, old pictures
and maps i.e. Google Earth imagery) can also
provide quantitative and qualitative informa-
tion on the occurrence and impact of past debris
flows, although they are generally limited to
torrents near human settlements or along major
infrastructure corridors (Bernhardt et al., 2017).
On the other hand, relative dating methods, such
as the analyses of rock weathering processes
(i.e. Schmidt Hammer), or soil development
(Matthews et al., 2020), could be used to supple-
ment absolute dating approaches.

Estimation of the magnitude of debris flows
is required to derive FM relationships. In anal-
ogy to paleohydraulic techniques, where geo-
logical, historical, and botanical records are
interpreted to quantify past floods, debris flow
magnitudes can be approximated using data
retrieved from the above-mentioned records

(Wilhelm et al., 2019). Yet, debris flows are
much more complex hydrological phenomena,
as they represent non-Newtonian flows with
solid fractions ranging between 50 and 90%
(corresponding to densities of 1,300-2,200 kg/
m?; Takahashi, 1981; Iverson, 2014; Trujillo-
Vela et al., 2022). At these sediment concentra-
tions, critical yield strength is generated, so that
large particles can be suspended indefinitely in
the moving flow (Pierson, 2005). Accordingly,
the whole mass will undergo very consider-
able and approximately continuous deformation,
because there is little difference between the
velocity of the two phases (water and sediment)
(McCoy et al., 2010). Moreover, the flow is gov-
erned by drag, weights, particle—particle colli-
sions and electromechanical cohesive forces (in
the case of mudflows) (Iverson, 2014). This flow
complexity, together with the fact that debris
flows often go unnoticed because they occur in
mountains where direct measurements are dif-
ficult to perform, makes the retrospective esti-
mation of debris flow magnitudes exceedingly
difficult and largely reliant on field observations.

In recent years, the application of physically-
based hydrodynamic models (Iverson & George,
2014) and the development of new empirical
equations have improved estimates of debris
flow magnitudes (Gartner et al., 2014; Gartner
et al., this volume). The estimation of the debris
flow magnitude thereby relies on three param-
eters: (i) mobilized volume, which requires
quantification of the mobilized sediment at
the initial slope failure, the entrained material
along the channel, and the deposited sediments
along the fan; (ii) peak discharge, generally esti-
mated along the channel using either empirical
or hydraulic models given certain conditions
at the cross-section such as invariant topog-
raphy (e.g., bedrock) and critical flow condi-
tions; and (iii) inundated area, directly retrieved
from field inspection and detailed aerial picture
interpretation.

This chapter aims at providing an overview
of existing methods for debris flow dating and
magnitude estimation, highlighting the most
recent developments in these fields over the
past 15 or so years. Due to the wide variety of
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approaches presented in this chapter, we focus
on describing the fundamentals and provide
a limited suite of application examples. For a
deeper understanding of the technical expla-
nation of the dating approaches, the reader is
directed to the specific studies on each tech-
nique, many of which are cited herein.

8.2 Identifying Debris Flow

Occurrence

Field recognition and geomorphic surveys of tor-
rential catchments are the first and most impor-
tant procedures in identifying suitable evidence
of debris flow activity (Brenna etal., 2020;
Jakob et al., 2022). An initial assessment should
be performed to distinguish between different
hydrological processes (i.e. debris flows, hyper-
concentrated flows and clear-water floods) that
may coexist in the same catchment, either using
desktop methods (i.e. aerial pictures; morpho-
metric analyses) (Bertrand et al., 2013; de Haas
et al., this volume) or in-field recognitions (Jakob
etal., 2020). Debris flow evidence is generally
expressed as changes in landforms due to surficial
erosion and sedimentation processes (Iverson,
2012; Iverson & Ouyang, 2015), which often pro-
duce changes in vegetation pattern (Hoch et al.,
2021; Rengers et al., 2016; Fig. 8.1). At the catch-
ment scale, typical characteristics that are indica-
tive of the occurrence of debris flow are:

(i) Hillslope: Steep slopes are typically the
primary source of mobilized sediments
during extreme rainfall events, or tempera-
ture increases in case of cryosphere-related
landforms. Landslides, erosive landforms
and geomorphic changes (i.e. rockglacier)
can be traced using historical maps, aerial
pictures and recent satellite-based products.
These data provide insight into the initial
volume of sediments delivered to the chan-
nel, which will ultimately depend on the
slope-channel connectivity (Steger et al.,
2022; Lancaster and Casebeer, 2007).

Channel: Mobilized sediments are typi-
cally conveyed along steep channels. Flow

(i)

energy erodes banks and the channel bed,
contributing to the entrainment of sediment,
which may leave erosion lines on preexist-
ing levees or channel banks that can serve
as paleostage indicators (PSI) (Bodoque
etal.,, 2011). When the valley becomes
locally wider, intense debris flow events
may overflow the channel banks, resulting
in sedimentary landforms such as lobes or
chutes. Mapping these landforms can be
used to determine the maximum extent of
the affected areas, but also to identify weak
cross-sections in topography where further
avulsion processes could evolve (de Haas
et al.,, 2018a, b). In the channel, bed mate-
rial analysis usually yields quantitative data
about the sediment transport capacity of
streams (Nagl et al., 2020).

(iii) Fans or debris-flow cones: Depositions
of transported sediments form debris flow
fans at the mouths of torrents (Fig. 8.1)
where flow energy is significantly reduced.
Fans are semi-conical landforms with a
relatively low surface slope, although it
depends on the bulk rheology of sediments
involved (de Haas et al., 2015, 2016). At
the fan level, the primary geomorphic fea-
tures are related to poorly-sorted mixtures
of sediment ranging in size from microns to
meters (Calhoun & Clague, 2018) and land-
forms such as levees, lobes or snouts (de
Haas et al., this volume). Fans are usually
cut by the active main channel, although
abandoned scoured tracks or paleochan-
nels, sometimes partially filled, are also fre-
quently recognized. Eventually, in the case
of debris flow channels ending in a lake or
sea, the application of radar techniques may
be needed to identify geomorphic features.

8.3  Debris Flow Dating

Techniques

Once debris flow processes have been prop-
erly characterized (i.e. Calhoun & Clague,
2018), events can be dated. Debris flow dating
can involve both relative and absolute methods.
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Fig. 8.1 Characteristic debris flow catchment located in
the northern Kyrgyz mountain range (Aksay River catch-
ment). Left: oblique view of the hillslope characterized

Relative dating methods allow for the determi-
nation of whether a specific sediment deposit or
erosive feature is older or younger than another
one. It provides a qualitative sequence of ages
(i.e. the order in which events occurred), but
without defining specific dates. This approach
can be used to understand the evolution and
dynamics of debris flow cones (de Haas et al.,
2018a, b; Diihnforth et al., 2007), but it cannot
be used to determine the frequency-magnitude
relationship required for quantitative hazard
or risk assessments (Schiirch et al., 2016). On
the other hand, absolute dating methods refer
to techniques that may—ideally—provide the
calendar ages of the analyzed events. Absolute
dating allows relating the occurrence of debris
flows with temporally-dependent processes (i.e.
climate and environmental factors) (Ballesteros-
Cénovas & Stoffel, 2017), as well as quantifica-
tion of the return period of events by defining
the frequency-magnitude relationship (Helsen
etal.,, 2002; Stoffel, 2010). The application
of one approach or another is highly depend-
ent on the objective of the study and the nature
of evidence available in the field. Relative dat-
ing techniques may be employed in conjunction
with absolute dating methods where appropriate,
but their utility depends on the objective of the
study.

by the presence of glaciers and lakes. Right: channel and
debris flow fan at the bottom valley where paleo chan-
nels are easily distinguished. Courtesy: Vitali Zaginaev

8.3.1 Remote Sensing Approach

Remote sensing approaches may include aerial
photo interpretation and the advanced analyses
of satellite imagery products, and are commonly
conducted initially as desktop-based studies.
These approaches have gained great popularity,
especially in remote mountain areas. Analyses
of aerial photographs have traditionally been an
indispensable tool for the determination of areas
that have been affected by debris flows. The
earliest aerial pictures date back to the 1930s,
although only few countries can rely on a con-
tinuous record over the past 90 years. The spa-
tial resolution of the first aerial pictures barely
allowed for an identification of larger geomor-
phic features coupled with debris flows. Jakob
etal. (2022) underlined that having an error
lower than 5-10 cm in the GIS delineation of
geomorphic features may require a picture scale
of 1:40,000 or larger. Later improvements of
optical sensors in drones, airborne vehicles or
satellites and the use of platform analyses such
as Google Earth Engine have exploited the pos-
sibilities of such records (Ghamisi et al., 2019).
Thus, multi-temporal digital aerial imagery has
become a cost-effective approach to determine
the source of sediments involved in debris flows
and landslides and to delineate their runout
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(Imaizumi et al., 2019; Munoz-Torrero et al.,
2021, Fig. 8.2). However, the time span between
available imagery can become an issue in for-
ested regions because rapid regrowth of veg-
etation can mask evidence. In coniferous forest,
bracketing event ages is facilitated by identify-
ing deciduous pioneer vegetation with lighter
coloration during the growth season or lack of
foliage during the dormant season. Usage of
drones has increased exponentially, especially
to obtain imagery of affected areas during post-
event field recognitions (Adams et al., 2016; de
Haas et al., 2020, 2022). Still, the ad hoc charac-
ter of the use of drone imagery hinders a chron-
ological comparison unless systematic flights
are conducted in the area of interest (Bremer &
Sass, 2012; de Haas et al., 2022).

The large array of satellite imagery products
(for simplicity, here also considered airborne-
based products) also enables temporal com-
parison, as they are systematically delivering
imagery throughout their operational lifetime.
Satellite imagery sensors allow the acquisi-
tion of multispectral and hyperspectral imagery
with different spatial and temporal resolu-
tion (Woodget et al., 2015; Cao etal., 2021).
The application of advanced analyses based on

Imagery Date:
23/11/2003

Imagery Date:
21/03/2011

Digitized Boundary of the Landslide

Fig. 8.2 Example of multi-temporal digital aerial imagery
analyses (automatic tool) to determine the occurrence of
landslides in the source area of catchments that results in

H

Monsoon 2009

optical imagery (e.g., Landsat, Sentinel, Planet
Labs), synthetic aperture radar (SAR) data or
LiDAR datasets (Bull etal., 2010; Frodella
etal., 2017) has improved the quantification of
geomorphic changes at the hillslope and fan lev-
els by identifying topography, vegetation cover,
color or textural changes in materials (D’Arcy
etal., 2018; Zhang & Matsushima, 2018). The
combination of different imagery products and
new automatic recognition processes based on
machine learning has been successful in cover-
ing larger regions (Lary etal., 2016), particu-
larly in detecting sediments sources and creating
susceptibility maps (Mwaniki et al., 2017). The
capacity to redirect satellites to specific regions
is also a promising research avenue for real time
debris-flow disaster management and forensic
analyses.

8.3.2 Radiometric Dating
Techniques

Radiometric dating techniques are employed
to date different debris-flow deposits, gener-
ally recognized by trenches excavated into
fan deposits (Fig. 8.3). This absolute dating

Imagery Date:
22[11/2016

Imagery Date:
11/04/2012

Output pixels from Dating tool:

H-

Monsoon 2011

H-

Monsoon 2016

debris flows downvalley (Mufioz-Torrero etal., 2021).
Squares indicate cloud-free pixels on which the automatic
tool identified vegetation changes related to landslides
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Fig. 8.3 Example of debris-flood stratigraphy and units from a cutbank at Cougar Creek Creek and Three Sisters
Creek, Canmore, Alberta (from Church & Jakob, 2020, with permission)

technique relies on the rate of radioactive iso-
tope decay. By comparing the presence of a
radioactive isotope in a sample to its abundance
on Earth, one can estimate the elapsed time in
absolute terms, as the decay rate is intrinsic to
each isotope. Since radioactive components nor-
mally have a slow decay rate, this dating method
can be used to date organic material or rocks
embedded in debris-flow deposits or in paleosols
underlying or overlying debris-flow sediments
on a scale ranging from decades to many millen-
nia. This timeframe and accuracy depend on the
radioactive isotope being analyzed and if accel-
erator mass spectrometer (AMS) techniques are
being used.

Although radiometric dating has been used
to determine the timing of exposure of sedi-
ment sources in some cases, it iS more com-
monly used to date sediments on fans or in
lakes (Kiefer et al., 2021). It means that sedi-
ment records must be carefully recognized and
interpreted. Sediment characteristics are highly
dependent on process type, but are generally
composed of a heterogeneous mixture of poorly
graded sediment, including gravels, cobble, or
boulders (Iverson etal., 2010; Jeong, 2010).
Debris flows can also include coarse-grained
sand or silt and clay (mudflows) or volcanic
material (lahars). During field inspection, the
debris-flow fan should be trenched or excavated

where land ownership allows and the surface has
not been artificially altered. In the excavations,
the different units related to different events
are differentiated by the texture, color, struc-
ture, and lithology of the sediments (Fig. 8.3).
Generally, the limits between two events are
characterized by the presence of buried soil, or
break points between inversely graded soil units.
Differentiating events in the sedimentary record
may be challenging, as sediment processes
may involve the act of local erosive processes
(Iverson et al.,, 1997). Thus, unless the trench
covers the complete cross-fan section, this
approach tends to miss debris-flow events, and
therefore may underestimate the return period.

Radiocarbon dating: this is the most preva-
lent method (i.e. Macklin et al., 1992; Johnstone
et al.,, 2006; Lancaster and Casebeer, 2007),
and is based on analyses of the radioactive *C
isotope contained in organic samples (i.e. veg-
etation remains, charcoal or organics) that can
be found among the various overlaying debris
flow deposits. Typically, the temporal cover-
age of the radiocarbon method expands up to
50,000 years before present (BP). Radiocarbon
dating requires the calibration of obtained ages
with precise curves because of secular variations
in radiocarbon production in the atmosphere
(Benito etal., 2022). Thus, getting precisely



226

J. A. Ballesteros-Canovas et al.

calibrated ages over the last 300 years is chal-
lenging. Moreover, nuclear weapon testing in
the 1950s and 1960s doubled the levels of arti-
ficial '“C in the atmosphere, inducing a sharp
peak in 1963 known as the “bomb curve”. The
artificial delivery of '*C during this period can
be used as age control for younger deposits
(Chiverrell & Jakob, 2013). '“C dating requires
multiple samples that need to be collected
and stored properly, preferably under dry and
dark conditions. Generally, just a few grams of
organic matter are needed when a conventional
method is applied to measure the '“C decay
rate. Smaller samples are allowed, if an accel-
erator mass spectrometry (AMS) method is used
(Reimer et al., 2013). These limitations should
be considered to define the sampling strategy.
Care needs to be taken in interpreting the bound-
ing ages from paleosols vs. the actual dates of
organics found within debris-flow units. Also,
the age of wood found within a debris-flow unit
does not necessarily indicate the age of the unit
itself. For example, should the piece of wood be
the inner ring of a 200-year old ring, the debris-
flow date may be the radiocarbon date minus the
200-years of the tree age.

Luminescence dating: The luminescence
approach relies on the accumulation of elec-
trons in crystalline minerals, usually quartz and
feldspar, due to their ionizing radiation from
cosmic radiation and radioactive isotopes con-
tained in sediments (Lian & Roberts, 2006).
Radiation induced by electrons can be meas-
ured and depends on sediment burial dura-
tion (Lian & Roberts, 2006). Electrons can be
stimulated by heat (Thermoluminescence, TL),
optical (Optically Stimulated Luminescence,
OSL) or even infrared light (Infrared Stimulated
Luminescence, IRSL). OSL is the most common
technique, normally applied to sediments con-
taining quartz minerals. Similar to flood sedi-
ments (Benito et al., 2022), OSL becomes an
important dating technique in cases where debris
flow deposits lack organic material, or are older
than 40,000 years or younger than 200 years
(out of the suitable range of '“C) (i.e. Fuchs &
Owen, 2008; Zhao et al., 2015; Mufoz-Salinas

et al., 2020). To assure the reliability of dating,
sample collection and processing must comply
to stringent protocols (Liritzis et al., 2013).

Other radiometric techniques include the
Caesium-137 (137Cs) isotope, which is used
to determine the age of sediments over the last
century and date debris flow events (i.e. Irmler
et al., 2006). The isotope '3Cs has an anthropo-
genic origin derived from the nuclear weapon
testing that started in the 1950s to produces two
characteristic peaks: an initial signal in 1954
and a maximum in 1963 (Détriché et al., 2010).
These signals are used to calibrate sediment age.
By contrast, analyses of Berilium-10 ('°Be),
an isotope produced on Earth by the interaction
of energetic cosmic rays, allow dating of the
exposure of ancient rock surfaces (above lka
years). This technique is typically used to date
paleodeposits and to explain landscape heritages
or ancient events (i.e. Diihnforth etal., 2007,
Patton et al., 2018).

8.3.3 Biological Dating Techniques

Biological dating techniques rely on information
gathered from living organisms such as plants
or lichens. This approach is based on the auto-
trophic conditions forcing organisms to get the
energy they need to survive directly from their
living environments Thus, these organisms are
silent witnesses of environmental and geomor-
phic changes (Ballesteros-Canovas & Stoffel,
2017; Stoffel & Corona, 2014) and adjust their
growth conditions accordingly. Analyses of the
annual growth rates of these organisms allow an
absolute dating of landforms created by debris
flows.

Tree-ring records: Dendrochronology is the
science of dating growth patterns in trees and
shrubs species living in zones where rings are
formed annually. Dendrochronology has been
applied to a large array of disciplines, includ-
ing archaeology, climatology or ecology (Cook
and Kairiukstis, 2013). Tree rings have also
been utilized to retrospectively date the activity
of geomorphic processes such as debris flows
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(i.e. dendrogeomorphology). The interaction
between the material transported in a debris
flow events and the existing vegetation, mostly
on fans or along channels, will leave different
types of dendrogeomorphic evidence in trees
(e.g. damage on tree stems, buried or tilted
stems or exposed roots) (Ballesteros-Canovas
et al., 2015; Bollschweiler & Stoffel, 2010).
These mechanical disturbances can be identified
in tree-ring records, allowing the dating of past
debris flow events with annual or even seasonal
precision. Dendrogeomorphic evidence induced
by debris flows include: (i) Stem wounds (or
scars): Scars are the most common evidence
of debris flow activity caused by the impact of
boulders on tree stems (Fig. 8.4a and b). When
such damages occur, trees react upon this dis-
turbance by compartmentalizing the wounded
surface to avoid pathogen infections (Fig. 8.4c).
As a result, trees generate characteristic cells
including chaotic callus tissues and smaller
cells that are easily recognizable in the tree-
ring record (Fig. 8.4d) as well as—in the case
of some conifers—tangential rows of traumatic
resin ducts (TRD); (ii) Tilted trees: as a result of
the sudden and unidirectional pressure exerted
on tree stems by debris flow material, trees can
lean towards the channel or in the flow direc-
tion after debris flow impact. Trees that are tilted
will form reaction wood to regain the vertical

axis, and this reaction is characterized in the
growth-ring record by changes in the eccentric
of growth rings as well as wood properties (i. e.
colour); (iii) Buried trees: sediment deposited
around trees by a debris flow will prevent water
and/or nutrient supply to reach the roots, hence
decreasing growth rates. In some cases, trees
(especially younger individuals) may lose their
crown or branches, which will result in a sudden
growth suppression as well; (iv) Exposed roots:
erosive processes along the channel or levees
can expose roots, and the latter will react to
denudation with conspicuous wood anatomical
changes; (v) Surviving trees and new coloniza-
tion: debris flows can uproot and remove trees in
heavily affected areas. Survivor trees will benefit
from less competition, more light, nutrients and
water availability, thus experiencing an increase
in their growth rates. Moreover, new plants often
germinate on bare surfaces providing evidence
of the minimum age of landforms.
Dendrogeomorphic dating involves the fol-
lowing methodological steps: (i) recognition and
record of botanical evidence, generally at the
level of fans and/or in and along channels, (ii)
sampling of trees using increment bores (eventu-
ally hand or machine saws); (iii) preparation of
samples in the laboratory; (iv) measurement of
tree-ring widths and its synchronization for cross-
dating purposes; (v) identification of growth

Fig.8.4 Examples of botanical evidence (i.e. scars on
trees) affected by debris flows. a cross-section sample
of a dead tree scarred by past debris flow, showing how
the tree tried to close the wound. b Sampling procedure
of a living scarred tree using an increment borer. ¢ Core
sample extracted from the edge of a wound, where it is

recognized the growth disturbance related to debris flow
processes (assumed it produced the scar on the tree) in
the tree ring records. d) anatomical signatures in the tree-
ring record in the form of chaotic callus tissues and tan-
gential rows of traumatic resin ducts (anatomical pictures
are from Bollschweiler et al., 2008)
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Fig. 8.5 Different generations of lichens growing on
a debris flow deposit containing material from differ-
ent events. Note that the combination of the dating of

anomalies associated to each type of dendrogeo-
morphic evidence. If the ultimate objective is to
estimate debris flow magnitude, one must care-
fully record tree positions aiming to determine
the areas that have been affected by each event
as well as the height of scars in order to estimate
flow discharge with numerical models or empiri-
cal equations (Ballesteros-Canovas et al., 2015).

Lichenometry: Lichenometry is a biological
dating technique using growth rates of lichens
to assess the age of exposed rocks (Armstrong,
2016). It assumes that the age of older lichens
growing on boulder surfaces can be used to
determine the exposure time of that rock.
Typically, lichenometry has been applied to
estimate the minimum age of monuments, but
it has also been used to establish absolute dat-
ing of geomorphic landforms such as debris
flows (Alcald-Reygosa et al., 2018; Armstrong,
2016; Bernhardt et al., 2017; Helsen et al., 2002;
Fig. 8.5). The initial assumption of lichenometry
is that growth of lichens depends on the species
being characterized and environmental factors

Rhizocarpon ¢
geographicum

disturbance in trees and the assessment of lichen thalli
can improve the interpretation of deposits. Photo: Juan
A. Ballesteros, Aksay cone, Kyrgyzstan

(Innes, 1985). The age of lichens is then com-
pared with reference age-growth curves, specific
to each species and site. These curves are based
on the ages of individual lichens growing on a
given object that is known to be of a certain age
(normally anthropogenic surfaces such as monu-
ments, buildings or cemetery headstones). The
approach is especially useful for the analysis of
debris flow deposits in the absence of trees (or
of older trees) with a temporal coverage of up
to 1,500 years depending on the lichen species
(Rosenwinkel et al., 2015).

Rhizocarpon sp. is the most trustworthy (and
commonly used) lichen species since it is adapt-
able to a variety of environments. It can survive
under severe climatic conditions and is easily
recognizable. The main steps in lichenometric
assessments include: (i) measuring lichens with
a millimetric feeler or by photographing them
both on boulders to be analyzed and on anthro-
pogenic surfaces for establishing the lichens
reference chronology; (ii) applying statistical
procedures to determine size distribution (i.e.
using generalized extreme value GEV); (iii)
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building the reference chronology (growth-age
curves) using known ages, and (iv) determin-
ing absolute ages of ensured lichens using the
established reference chronology. Lichenometry
has been successfully applied for the dating of
debris flow deposits in a number of environ-
ments (André, 1990; Bernhardt etal., 2017;
Helsen et al., 2002; Jomelli, 2013). Nonetheless,
the approach remains highly sensitive to
changes in environmental conditions (e.g. wild-
fires) or pollution, which can induce significant
uncertainty into dating procedure (Rosenwinkel
etal., 2015).

8.3.4 Historical Records

The historical record refers to a set of documen-
tary archives (manuscripts, newspaper librar-
ies, ecclesiastical documents, administrative
records, letters of varying natures), oral records
(testimonials of people and direct observation
from land-use planners/managers), audio-visual
records (old photographs and maps or modern
social media posts) and epigraphic marks (phys-
ical signs left by past events) associated to unre-
corded past debris flow events that eventually
impacted infrastructures or inhabitants (Marchi
& Cavalli, 2007). Overall, these records are con-
strained to the past few decades and only exist
for a few torrents, which are often located close
to urban areas. The historical record can provide
quantitative and qualitative data, with a high
space-time resolution. Quantitative data can
include the volume mobilized, a rough estima-
tion of peak discharges or even areas affected.
Qualitative data includes descriptions of the
impact and the relative magnitude (e.g. this
event is the largest ever seen by locals).

This approach is based on hermeneutic
research, which requires a critical analysis of
data sources and their analysis in the histori-
cal context (Marchi and Rosella-Tecca, 2006).
Archival data is beneficial to understand debris
flow occurrence at regional and catchment
scales. Regional analyses can provide a broad
perspective and helps to identify morphometric
parameters of susceptible basins, while analyses

at the catchment level is relevant for hazard
assessment and to understand the relationship
between specific events and sediment supply
processes (Brenna et al., 2020). Other examples
have shown how historical debris flow data-
bases can be used to decipher climatic triggers
(i.e. rainfall thresholds and temperature; Pavlova
et al., 2014; Schlogl et al., 2021; Witt, 2005).

There are a number of considerations that
must be taken into account when using histori-
cal records of past debris flows, notwithstand-
ing their great value (Marchi and Rosella-Tecca,
2006). The sustained growth of elements-at-
risk (e.g. road infrastructures, paths, houses,
etc.) could affect the homogeneity of historical
records, because events that did not cause dam-
age in the past will tend to occur unnoticed. The
availability of data sources has the same impact
on historical database quality. Moreover, it may
be challenging to differentiate between event
types based just on historical records. On the
other hand, the homogeneity of records may be
affected by different sediment-supply conditions
within or between catchments. Thus, debris
flows in catchments with an unlimited debris
supply are deemed normal processes, and only
extreme events are recorded. By contrast, events
that occur in catchments with limited debris
supply are seen as unusual, regardless of their
magnitude, and will therefore more often be
recorded.

8.4  Debris Flow Magnitude

Estimates

Knowing the magnitude of debris-flows is essen-
tial for any rational hazard and risk assessment
(Ballesteros-Canovas et al., 2016; Jakob, 2021).
Debris flow magnitude relates to quantitative or
qualitative data regarding the volume of sedi-
ments mobilized (m3), peak discharge (m?¥/s)
or inundated area (m?) (Jakob & Hungr, 2005).
These parameters can be estimated directly by
applying physical-based equations and resolv-
ing hydrodynamic models with step-backwa-
ter schemes (Jakob, 2021), or indirectly, by
means of established empirical relationships
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(Rickenmann, 1999). Selection of one approach
over another is highly influenced by the primary
objective of the analyses, as well as data avail-
ability and terrain inaccessibility.

8.4.1 Estimating Debris Flow

Volume

Debris flow volume is defined as the amount of
material transported from headwaters to fans
by debris flows. During debris flow events, the
transported material (water and sediments)
can range in volume from a few cubic meters
to several million cubic meters. Quantifying
these values is essential to physically dimen-
sion hydraulic structures aimed at retaining
sediment (e.g., check dams, retention basins).
In the few torrents where measurement sta-
tions are in operation volume may be directly
measured, typically by integrating discharge
over time (Schimmel et al., 2022; Schlunegger
et al., 2009), but typically volume can only be
reconstructed from past deposits. Estimation
of debris flow volume depends on three pro-
cesses: (i) initiation volumes related to failure(s)
(V) at hillslopes (i.e. landsliding); (ii) volumes
entrained along channel(s) (V) from the chan-
nel floor and banks; and (iii) volumes of sedi-
ment deposited (V) along the channel and fan
(i.e. levees, chutes, lobes, avulsions phenom-
ena) (Jakob, 2005). Mathematically, it can be
expressed as (Eq. 8.1):

Vi=Y Vit Y Vem >V

where V, is the total volume reaching the apex
of the fan. In complex medium-to-large catch-
ments, it may be quite challenging to estimate
these values in detail, whereas in small, acces-
sible catchments, it may be feasible. The volume
entrained and deposited along the fan should be
considered into this equation if the assessment
is done downstream of the fan. Moreover, this
volume estimate only provides an idea of a vol-
ume should the debris flow occur in the present
time. Recharge over time needs to be considered
(Jakob, 2005), especially in supply-limited

8.1)

catchments, as well as the possibility of multiple
point source failures that are particularly preva-
lent during earthquakes or extreme rainstorms.

8.4.2 Initiation Volumes

at Hillslopes

As a result of various geomorphic processes,
such as landslides, rock avalanches, rock glacier
advances, wet snow avalanches, or the outburst
of artificial or natural dammed-lakes, large sedi-
ment volumes can be mobilized at the hillslope
and incorporated into the channel (Pastorello
et al., 2020). However, the volume of sediments
reaching the channel will depend on the connec-
tivity between the slope processes and the chan-
nel (Tarolli and Della Fontana, 2009; Germain
et al., 2020; Torresani et al., 2021), as this is an
important catchment attribute driving debris flow
activity. Remote sensing approaches are highly
valuable for predicting which geomorphic pro-
cesses are involved at sediment sources, as well
as for quantifying the initially mobilized volume.

If scars on hillslopes are not hidden by a
dense tree canopy, geomorphic changes related
to landsliding or other processes can be traced
spatially using available chronosequence
archives of old and more recent aerial photos
(Mufioz-Torrero et al., 2021; 2022). Regarding
the above, optical sensors used on aerial pic-
tures cannot provide relevant information, thus
making the use of LiDAR sensors essential
(Blasone et al.,, 2014; Bremer & Sass, 2012;
Dietrich & Krautblatter, 2019). Recently, the
use of Interferometric Synthetic Aperture Radar
(inSAR) sensors has opened the possibility for
large-scale studies of slope deformation under
forested terrains, especially using longer-wave-
length (L/P-band) sensors (Cao etal., 2021;
Frodella et al., 2017). When using topographic
data retrieved by photogrammetry, LiDAR or
inSAR sensors, the volume can be determined
by subtracting DEM values (Difference of
DEMs or DoD). Still, these estimates may need
to be checked in the field and depth of slope
failures measured at regular time intervals to be
sure they are correct.
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8.4.3 Entrainment of Sediment
Along Channels

The entrainment of sediment by debris flows can
radically change channel morphology, thereby
increasing flow volume by orders of magnitude
(Iverson et al., 2011). There are two major pro-
cesses that can lead to the material of entrain-
ment along channels, namely: (i) channel bed
erosion as a result of drag forces; and (ii) under-
cutting and instability of stream banks (gener-
ally as a consequence of bed erosion) (Iverson
etal, 2011). The yield rate approach is the
most straightforward way to calculate channel
entrainment (V)), which assumes a homogene-
ous erosion depth (D,, in m) along a given path
width (B, in m) and channel reach (L,, in m). It
can be mathematically expressed as (Eq. 8.2):

n
Ve = ZDixB,-xLi,
i=1

(8.2)

where i is the number of reaches into which the
stream has been discretized.

This approach, however, can produce signifi-
cant inaccuracies depending on the complexity
of the channel, the number of channel reaches
and the nature of the substrate (especially in
erodible-base channels). It also requires detailed
field observations along the channel(s), which
are not always easy to obtain. In addition, the
approach assumes invariant rheology and dis-
regards the potential of material remobilization
during debris flows. In recent years, the assess-
ment of channel entrainment has been facilitated
by photogrammetric and structure from motion
(SfM) techniques (de Haas et al., 2020, 2022;
Ellett etal.,, 2019), the versatility of drones,
and the use of high-resolution topographic
techniques such as laser scanning (Schiirch
etal., 2011), as well as the use of proxies such
as timing of root exposure to reconstruct chan-
nel topography and to determine the widening
and erosion retreat (Malik and Matzja, 2008;
Ballesteros-Canovas et al., 2017; Franco-Ramos
et al., 2022).

8.4.4 Estimation of Deposited
Volumes

Estimating the volume of deposited sediment can
be addressed based on (i) a detailed mapping of
the surficial deposits—either based on field recog-
nition (Stoffel, 2010) or remote sensing techniques
(de Haas & Densmore, 2019; Imaizumi et al.,
2016b); and (ii) quantification of deposit depths.
Once fans have been mapped, deposit depths can
be estimated by developing pits tests and trenches.
This approach is necessary when studying past
debris flows, but it is time-consuming and labor-
intensive, as it requires an observation period that
is long enough to determine an absolute date. In
forested areas, the number of observations could
be increased by using buried trees that can record
the time of a given debris flow and sediment
depth (Friedman et al., 2005). However, for recent
events the most accurate approach for estimating
the volume of deposits is to conduct regular topo-
graphic surveys (Lato, 2020).

8.4.5 Estimating Peak Discharge

Peak discharge along channels can be deter-
mined at a given cross-section by solving the
discharge equation (Eq. 8.3):

0 =wA (8.3)

,where v is the frontal flow velocity and A the
affected cross-sectional area. In addition, numer-
ical-based models along the entire channel sys-
tem or empirical relationships can be employed
(see Sects. 3.4 and 3.5, respectively). Estimation
of the cross-sectional area depends directly
on the evidence left by past debris flows from
which the affected area can be estimated, while
the velocity needs to be indirectly estimated by
recommended equations.

Estimating the affected cross-sectional area.
Applying the discharge equation requires
approximate stability of the channel’s cross-
section geometry. If this requirement can be
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satisfied, the existence of fresh high watermarks
(HWM, e.g., erosion lines, fresh-thin deposits or
mudlines), or paleostage indicators (PSI, such as
scars on trees) is required (Bodoque et al., 2015;
Benito et al., 2022). Generally, HWM are une-
quivocal evidence of the maximum flow stage,
but they are perishable and only physically
present for a few years at most after an event.
Erosion lines may persist longer in the field, but
they are difficult to date. PSIs are evidence of
the flood stage but not necessarily the maximum
stage. However, by including multiple observa-
tion locations and multiple scars, this bias can
be reasonably minimized (<15%) (Ballesteros
et al.,, 2011; Gottesfeld, 1996). Scars on trees
can be retrospectively dated, enabling for the
reconstruction of past events (Tichavsky et al.,
2022; Cato & Goforth, 2021; Rodriguez-Morata
et al., 2019). Pictures and video-records, if avail-
able, can be employed to reconstruct peak dis-
charge and estimate hydrographs and potentially
sediment concentrations (Coviello et al., 2021).

Estimating flow velocity. Back-calculation of
the flow velocity of debris flows is highly chal-
lenging and depends on indirect equations such
as flow superelevation, run-up, or channel char-
acteristics. Tables 8.1 and 8.2 show the main
equations used to estimate debris flow velocity
along with the required parameters.

The superelevation equation relies on the
deformation properties of the free surface of
a fluid due to the centrifugal force experienced
in channel bends. It is expressed as the differ-
ence in flow height between the inner (lower)
and outer (higher) curves and has been applied
largely in debris flow studies (Iverson et al.,
1994; Prochaska etal., 2008a, 2008b; Wang
et al., 2021; Scheidl et al., 2019; Fig. 8.6). This
approach is highly sensitive to the definition
of channel width and curve radius, which may
lead to uncertainties in the estimation of flow
velocities of up to 30% (Iverson et al., 1994).
The superelevation equation was originally
developed for Newtonian fluids, and apply-
ing the method to non-Newtonian debris flows
may result in large under- or overestimations of
flow velocity (e.g., Costa, 1984; Procter, 2012).
Therefore, many studies have used a correction
factor k for debris flows (e.g., Bulmer etal.,
2002; Han etal, 2015; Hungr etal., 1984,
Scheidl et al., 2019). This correction factor is
generally expressed as a dimensionless num-
ber that is related to the vertical velocity distri-
bution and corrects for variations in material
properties, viscosity and vertical sorting in the
flow (Procter, 2012; Scheidl et al., 2015, 2019).
Studies indicate that a wide range of possible
correction factors is possible (Procter, 2012). For
example, Bulmer et al. (2002) found correction

Table 8.1 List of equations to determine debris flow velocity. Other equations based on flow depth are listed in

Rickenmann (1999)

Equations Type Author
v = (grecosftana)®> Superelevation Chow (1959)
v = 2freg Ah Superelevation Hungr et al. (1984)
=V & B
Superelevation Scheidl et al., (2015)

v = re Ah(gcos @)™ 119
- 4.4Bhm"°

v = (2gAR)% Runup (Ah= runup against an obstacle) Chow (1959)
v=121gAh Runup Wigmosta (1983)
v=(yS/Kuw)H? Runup Hungr et al., (1984)

" ( 143 m;#)z Runup (momentum-jump model) Iverson et al., (2016)
P TR
hﬁ =1+ ZVZ Runup (point mass model) Rickenmann et al.,

o (2019)
V= 0.6% \'/W Critical flow in spillways Takahashi et al. (2019)
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Table 8.2 Overview of debris flow velocity equations primarily based on mean flow depth and channel slope

Equation Type Author
V= % pgﬁz % Newtonian laminar flow Rickenmann (1999)
v=2 en'’s Dilatant grain shearing Takahashi (1991)
v = LpH3g05 Newtonian turbulent flow: Manning— | Mizuyama (1988)
" Strickler equation
v = CR> 505 Newtonian turbulent flow: Chézy Rickenmann (1990)
equation
v = 2170505 Empirical equations Hungr et al. (1984)
v = 18.577 505 Yang (1985)
v = 28.57°/% 505 Du et al. (1987)
v = ClﬁmSO‘S Koch (1998)
v = shs1s Lo (2000)
v = 035428 4536 Prochaska et al., (2008a, b)
V = 2.379u*§ 0446 ¢, 0.011In($)+0.391 Wang et al. (2018)

Fig.8.6 Example of differences in flow height (Ah) 2022 in Ordesa National Park (Pyrenees, Spain) (Photo:
between in both banks (right—RB - and left bank - LB)  Juan A. Ballesteros-Cédnovas)
after an extreme debris flow event occurred in September
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Grafite bedrock || ~——

Fig. 8.7 Example of a critical section in a debris-flow torrent where erosive sigmoidal lines are identified along the

levees. Arroyo Cabrera, Spain (Bodoque et al., 2011)

factors ranging from 2 to 10, VanDine (1996)
found values between 1 and 5, and Hunger et al.
(1984) found a best-fit value of 2.5.

The run-up equation (also known as the
velocity head equation) assumes that kinetic
energy is converted into potential energy when
debris flows impact obstacles perpendicularly.
At experimental sites, this method has been
shown to overestimate flow velocity (Iverson
et al., 1994). Recently, these concepts have been
applied to investigate run-up on flows against
vertical barriers and sloping obstacles, providing
reliable results if prior knowledge of the flow
dynamics is available (Iverson et al., 2016). Yet,
Rickenmann et al. (2019) observed that run-up
is highly dependent on the flow sediment type
and volume, suggesting that it is challenging to
apply a universal equation to varied flow condi-
tions. If a critical-depth approach is employed,
flow velocity estimation uncertainties could be
substantially minimized (Bodoque et al., 2011;
Fig. 8.7). This approach requires evidence
on cross sections where critical flow occurs
(Froude number=1) due to local drops, narrow
stream constrictions, or check dam spillways
(Takahashi et al., 2019).

The velocity equations described above rely
on superelevation and runup. Therefore, they
cannot be applied to debris flows in a straight
channel (Chen et al., 2007). To estimate debris
flow velocity in straight channels a number
of studies have developed equations based on

mean flow depth and channel slope (Table 8.2).
Detailed overviews of these equations can be
found in Rickenmann (1999), Prochaska et al.
(2008b) and Wang et al. (2018).

8.4.6 Estimating the Affected Area

Evaluation of the area affected by debris flows is
crucial for both hazard mapping and the design
of countermeasures. At the fan level, avulsion
phenomena are primarily responsible for the
spatial and temporal distribution of sediments.
Recognition of the affected area of debris flows
can be achieved by combining remote sens-
ing with field inspections and analyzing the
spatial distribution of affected trees. Imaizumi
et al. (2016b) used a multi-approach (i.e. chron-
osequence of aerial pictures, high-resolution
topographic data (Zubrycky et al., 2021), and
dendrogeomorphic evidence (Schraml etal.,
2013)) to identify the affected area at the fan
level, and discussed their weaknesses and
strengths. They found mismatches between
methods, although their combination improves
the assessment of areas affected by individual
events. Higher resolution can be achieved using
high-resolution topographic data and DEM dif-
ferences (Lato et al., 2019), but care should be
taken to distinguish geomorphic changes from
other local phenomena (Imaizumi et al., 2016b).
Zaginaev etal. (2016) employed the spatial
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representativeness of affected trees on fans to
distinguish size-patterns in debris-flow events.
However, some limitations may arise on a higher
scale because of the nature of data and the lim-
ited number of point-type data (Bollschweiler
etal., 2008). Schneuwly etal. (2013) provide
guidelines for determining the minimum number
of trees to sample for capturing the spatiotem-
poral representativeness of past debris flows.
Recently, these approaches have enhanced our
understanding of the spatiotemporal patterns of
debris flow fan formation and, in particular, on
the avulsion formation, revealing that the impact
(and consequently the affected area) of large
debris flows could depend on the existence of
channel plugs shaped by prior smaller debris
flows (de Haas et al., 2018a, 2018b; see also de
Haas et al., this volume).

8.4.7 Numerical Models

Different numerical debris flow models have been
developed to back-estimate flow velocities, where
the models are resolved iteratively to reproduce
the different HWMSs, PSIs, or the affected area
(Bodoque et al., 2015). Based on Riemann solv-
ers, finite difference schemes, or finite volume
schemes, numerical models are derived from
mathematical formalisms describing flow dynam-
ics with different rheology. Most numerically-
based models are two-dimensional, although
there are a few three-dimensional hydrodynamic
models. Two-dimensional models are easier to set
up and can simulate runout of large-scale debris
flows reasonably well, although they still provide
inaccurate predictions of bank erosion and scour
during debris flow events. Three-dimensional
models can simulate material flow in complex
terrain and deliver a more realistic representation
of debris flows, but they require a larger amount
of computational resources and frequently can-
not simulate events on a large scale. A detailed
(and up-to-date) review of debris flow models
can be found in Trujillo-Vela et al. (2022). Table
8.3 shows a list of available numerical models
and for a more comprehensive description, see
Iverson and George (this volume).

8.4.8 Empirical Relationships

Empirical equations can be used to represent
relationships among flow discharge, flow depth,
thickness, affected area and deposit volume.
These equations are simple to use, although they
may lead to significant errors. Several efforts
exist to produce more trustworthy regional
empirical equations, although their applica-
tion is still constrained to the specific climatic,
geological and geomorphic settings where they
were defined. Table 8.4 synthetizes the main
existing empirical relationships between (i) peak
discharge with debris flow volume; (ii) volume,
watershed area, channel slope and precipitation;
and (iii) affected areas. Yet, empirical equations
can also misjudge large debris flows, as they
often rely on a limited number of (recent) obser-
vations, which could relegate the occurrence of
large debris flows to “atypical” cases. Moreover,
the interdependence of morphometric factors,
such as stream slope/length and catchment area,
may hide spurious correlations (Jakob, 2005).
Nevertheless, empirical relationships can be
applied to characterize events with an order-
of-magnitude resolution in cases where other
detailed assessments are lacking or impossible
to perform at a regional scale. Recently, machine
learning approaches have improved the ability to
predict the frequency and magnitude of debris
flows based on a large dataset analysis, which
include morphometry characteristics, as well as
climatic, soil-type and forest parameters (Huang
et al., 2020), which can then be used to produce
susceptibility maps (Kadavi et al., 2018).

8.5 Frequency-Magnitude

Relationships

Frequency-magnitude (FM) relationships are the
most useful tool derived from the reconstruction
of past debris flow events (see Jakob & Nolde,
this volume). FM relationships allow estimating
of the return period (probability of occurrence
of a debris flow event of a certain magnitude),
which is required for hazard analyses and the
design of countermeasures. In Switzerland, for
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Table 8.3 List of existing debris flow models, their main characteristics and references

Name Type Availability References
HEC-RAS Two-dimensional non-Newtonian fluids | Non-commercial https://www.hec.usace.army.
including single-phase mil/software/hec-ras/download.
aspx
EDDA 2.0 Two-dimensional non-Newtonian fluids | Non-commercial https://doi.org/10.5281/
including single-phase zenodo.1033377
Shen et al. (2018)
Morpho2DH Two-dimensional non-Newtonian fluids | Non-commercial https://i-ric.org/en/solvers/mor-
including single-phase pho2dh
FLO-2D Two-dimensional non-Newtonian fluids | Comercial https://flo-2d.com/
including two-phases
MIKE 21 Two-dimensional Newtonian fluids inclu- | Comercial https://www.mikepoweredby-
ding two-phases dhi.com/products/mike-21-3
BASEMENT Two-dimensional Newtonian fluids inclu- | Non-commercial https://basement.ethz.ch/
ding two-phases
FLOW 3D Three-dimensional Newtonian fluids Comercial https://www.flow3d.com/
including two-phases
IBER Two-dimensional Newtonian fluids inclu- | Non-commercial https://www.iberaula.es/
ding two-phases
TRENT-2D Two-dimensional non-Newtonian fluids | Commercial http://www.weezard.eu/index.
including two-phases php
TITAN-2D Two-dimensional non-Newtonian fluids | Non-commercial https://github.com/TITAN2D/
including two-phases titan2d
Kanako 2D One and two dimensional Newtonian Comercial http://hyper-kanako.com/hyper-
fluids including two-phases kanakoenglish/
OpenLISEM Two-dimensional non-Newtonian fluids | Non-commercial https://blog.utwente.nl/lisem/
including two-phases
Morpho2DH
D-Claw Two-dimensional non-Newtonian fluids | Non-commercial https://dlgeorge.github.io/
including two-phases project/dclaw-project
OpenFOAM Three-dimensional non-Newtonian fluids | Non-commercial https://develop.openfoam.com/
including two-phases Community/avalanche
r.avaflow Two-dimensional non-Newtonian fluids | Non-commercial https://www.landslidemodels.
including one and two-phases org/r.avaflow/
RAMMS Two-dimensional non-Newtonian fluids | Comercial https://www.slf.ch/de/ser-
including one phase vices-und-produkte/ramms-ra-
pid-mass-movement-simulation.
html
Flow-R Spatially distributed empirical model Non-commercial https://www.flow-r.org/
Horton et al. (2013)
DFLOWZ Based on empirical equations Non-commercial Berti and Simoni (2014)
REGOLITH Empirical and process-based models Non-commercial https://www.usgs.
gov/software/rego-
lith-fortran-95-program-estima-
ting-soil-mantle-thickness-digi-
tal-landscape-landslide
Laharz Statistically based model Non-commercial https://www.usgs.gov/software/

laharz
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https://www.hec.usace.army.mil/software/hec-ras/download.aspx
http://dx.doi.org/10.5281/zenodo.1033377
http://dx.doi.org/10.5281/zenodo.1033377
https://i-ric.org/en/solvers/morpho2dh
https://i-ric.org/en/solvers/morpho2dh
https://flo-2d.com/
https://www.mikepoweredbydhi.com/products/mike-21-3
https://www.mikepoweredbydhi.com/products/mike-21-3
https://basement.ethz.ch/
https://www.flow3d.com/
https://www.iberaula.es/
http://www.weezard.eu/index.php
http://www.weezard.eu/index.php
https://github.com/TITAN2D/titan2d
https://github.com/TITAN2D/titan2d
http://hyper-kanako.com/hyperkanakoenglish/
http://hyper-kanako.com/hyperkanakoenglish/
https://blog.utwente.nl/lisem/
https://dlgeorge.github.io/project/dclaw-project
https://dlgeorge.github.io/project/dclaw-project
https://develop.openfoam.com/Community/avalanche
https://develop.openfoam.com/Community/avalanche
https://www.landslidemodels.org/r.avaflow/
https://www.landslidemodels.org/r.avaflow/
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.flow-r.org/
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/laharz
https://www.usgs.gov/software/laharz
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Table 8.4 List of empirical relationships: (i) Egs. 1-9, peak discharge (Q, =m?3/s) versus volume (V=m?); (ii)
Eqgs. 10-14, debris flow volume (V =m?) versus watershed area (S =km?), effléctive runoff volume (Vref=m3), chan-
nel slope (I=%) and total rainfall (VR =m?); and (iii) Egs. 15-19, empirical-statistical methods relating valley cross-
sectional area (A), planimetric area (B) and runout (L) inundated by lahars from lahar volume (V). (*) These relations
present a large scatter. Readers are directed to the original work (Ma et al., 2013) to limit the upper and lower bounds
of estimations

Equation Type References
Peak discharge (m?/s) Qdp=0.135V078 Bouldery debris flow Mizuyama et al. (1992)
Qdp=0.019V07 Muddy debris flow Mizuyama et al. (1992)

Qdp=0.006V 083

Volcanic debris flow

Jitousono et al. (1996)

Qdp=0.04V0% Bouldery debris flow Bovis and Jakob (1999)

Qdp=0.003V!0! Volcanic debris flow Bovis and Jakob (1999)

Qdp=0.1V08 Bouldery debris flow Rickenmann (1999)

Qdp=0.00014V Muddy debris flow—high Chen and Chuang
sediment concentration (2014)

Qdp=cVt

c is a constant that ranges
between 0.001 and 1, with
values of 0.01 typical of
muddy flows and 0.1 typical
of granular flows

Ikeda et al. (2019)

Qdp=0.2V56

Granular flows

Mitchell et al. (2022)

Debris flow volume (m3)

V = 1800 SO98(*)

Debris flow on burned areas-
USA

Ma et al. (2013)

V =4376 SO73(¥)

Debris flow on alpine
catchments

Ma et al. (2013)

V =337,000 S'4(¥)

Debris flow on tropical
catchments

Ma et al. (2013)

V=125V _1'9

ref

Debris flow and debris floods

Rickenmann and
Koschni (2010)

V = 10(0.0191_1.55)VR0.877

Debris floods with channel
gradients from approximately
2%—-24%

Jakob et al. (2022)

Affected area and runout
(m?/m)

A=0.05V?? and B=200V?3

Lahars

Iverson et al. (1998)

B=6.2V%?

Granular debris flows

Crosta and Negro
(2003)

A=0.1V?3, B=20V?3

Non-volcanic debris flows

Griswold and Iverson
(2008)

A=0.14V%2 and B=6,9V083

Granular debris flows

Berti and Simoni

(2007)
L6530 5V3 Fans with uniform runout Rickenmann and
patterns and aperture angle Scheidl (2013)
ranging from 13° to 51°
o = 0.883 Being « and f the runout Prochaska et al. (2008a,

angle and fanhead angle, res-
pectively, measured from the
point on the stream located
in the mid-altitude between
the apex of the fan and the
catchment divide

b)
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Fig.8.8 a Example of debris-flow hazard zonation in Switzerland. b Example of regional frequency-magnitude
curve built for Bow Valley debris floods normalized by fan area (from: Jakob et al., 2020, with permission).

instance, hazard maps are required for inhabited
areas and form the basis of land-use planning,
risk assessments and the design of technical or
nature-based countermeasures. Hazard maps
are based on information of past events, process
modeling and an explanatory report; they show
the expected extent of debris flows (in terms of
their intensity) for three probabilities of occur-
rence (typically given with 30, 100 and 300
years, corresponding to 1, 3 and 10 generations
of residents) (Fig. 8.8a). In Canada, the return
period ranges include 1000, 3000 and some-
times even 10,000 years. In the Swiss case, the
combination of intensities with variable event
probabilities will result in five distinct danger
levels indicated with colors as in Fig. 8.8. Zones
for which a significant hazard (red) is defined,
people are considered at risk both inside and
outside buildings. Here, the rapid destruction
of buildings is to be expected or events are of
smaller intensity but occur with high probability.
The red area is excluded from any future devel-
opment. In areas considered to be at medium
hazard (blue), persons are mostly exposed to
the hazard outside of buildings. Some dam-
age to buildings is expected, but their complete
destruction is unlikely if certain construction
standards are present. The blue area is an area
in which severe damage can be avoided by tak-
ing appropriate precautionary measures on indi-
vidual building level. In the third zone, defined

by low hazard (yellow), persons are consid-
ered relatively safe. Minor damage to build-
ings or obstructions can occur. The yellow area
is essentially a warning area and rarely shown
on debris-flow hazard maps (unlike flooding or
snow avalanche hazard maps). Similar schemes
are also recommended in other European coun-
tries (EXCIMAP, 2007).

In palacohydrology (Wilhelm etal., 2019),
FM relationships have been established by fit-
ting a statistical distribution to a censored data-
set of reconstructed events at the catchment or
regional scales. Reconstructed debris flow data-
sets can be fitted using the extreme-value the-
ory, specifically peak over threshold (POT) and
Generalized Pareto Distributions (GPD) func-
tions (Jakob et al., 2017). Bayesian approaches
can be an appropriate technique for combin-
ing expert opinion with available datasets and
related uncertainties to infer FM relationships
as well, however with a certain prediction limit
(Nolde & Joe, 2013; Jakob & Nolde, this vol-
ume). Statistical methods to establish FM rela-
tionships are not to be interpreted as precise.
First, reconstructed series are far from being
perfect datasets, and require proper assessment
and management of uncertainties associated
with debris-flow reconstructions. Second, tor-
rential catchments may produce events with
different rheology (i.e. rock avalanches, debris
flows, hypercontracted floods, clear-water
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floods), which are generally difficult to dis-
tinguish in reconstructed series. Lack of this
information may violate the statistical assump-
tion which states that random variables are
independent and identically distributed, when
fitting a distribution function. Third, often FM
statistical methods routinely assume stationar-
ity, which could be wrong for debris-flow pro-
cesses, since these events could respond not
only to thresholds (Bardou & Jaboyedoff, 2008)
but also to climate change. For the abovemen-
tioned reasons, the applicability of FM relation-
ships should be performed with caution (i.e.
Heiser et al., 2022) and validated by an expert
approach, especially when applied at catchment
scale and for debris-flow hazard assessment
(Jakob & Nolde, this volume).

Several studies have focused on address-
ing these limitations at regional and catchment
scales over the past few decades. At the regional
scale, for instance, Hungr et al. (2008) gener-
ated FM regional curves along the west coast
of British Columbia by plotting the frequency
against the magnitude on a logarithmic scale
that accounted for magnitude categories, thereby
avoiding effects of data censoring. In another
study at a regional scale, Liu et al. (2008) used
a large debris flow database in China to infer
FM relationships by applying power-law prob-
ability distributions and using the catchment
area as a surrogate of the frequency of events.
More recently, Jakob et al. (2020) used a multi-
proxy-based reconstruction to retrieve regional
FM by fitting logarithmic curves and normaliz-
ing by morphometry of fans (Fig. 8.8b). At the
catchment scale, Bardou and Jaboyedoff (2008)
and Bennett et al. (2014) reported that the FM
relationship derived from observed and histori-
cal debris flow data from the Alps followed a
heavy-tailed pattern. This was corroborated by
Liu et al. (2008) who used more than 40 years
of observations to fit exponential functions for
generating FM relationships. However, they
also showed the difficulty of providing a unique
function in catchments where different types of
events could occur. Consideration of two dis-
tinct populations of data according to the differ-
ent initiation processes (i.e. rainfall-generated

landsliding causing smaller debris flows and
large debris flows as consequence of rock ava-
lanches) could be a solution to avoid issues
related to the heterogeneity of data (Jakob &
Friele, 2010). Gao et al. (2019) used the power
law equation to relate the frequency and mag-
nitude of debris flow events in different catch-
ments in China and they also employed a
linear model to investigate the links between
the regression coefficients of the equation and
precipitation records and drainage area. Recent
observations in experimental flumes by de Haas
et al. (2018b) revealed that changes in the FM
curves, could also condition the occurrence of
avulsion phenomena and the development of
fans, which have important consequences for
landscape evolution.

8.5.1 Limitations and Prospects

Driven by climate change, the possible increase
in debris-flow risk is often a direct conse-
quence of a human-caused increase of exposed
elements-at-risk on fans (Stoffel et al., this vol-
ume). Consequently, in populated mountain
regions, the development of appropriate disaster
risk reduction policies has become increasingly
urgent. Land-use planning, based on robust
baseline historical data, is the most efficient
way for minimizing economic losses and avoid-
ing new settlements in highly exposed places.
The methods reviewed herein provide an over-
view of how to collect baseline data by recon-
structing the spatio-temporal activity of debris
flows based on field-truthed evidence. Yet, when
employing these approaches, several limita-
tions and uncertainties still arise, which should
be considered to avoid misinterpretation in risk
assessment.

It is almost impossible to reconstruct the
entire debris-flow activity at a specific location
over a certain period of time. Even when apply-
ing a multiproxy (multi-ensemble) approach,
dating of debris flows is generally biased toward
high frequency-low magnitude events. This
implies that debris-flow data should be con-
sidered as censored, which complicates the
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applicability of classical frequency analyses.
On the one hand, the occurrence of large debris
flows may hinder the recognition of field-based
evidence of past debris flows. This is the spe-
cific case of botanical dating methods, since
the forest could be partially destroyed follow-
ing the occurrence of a debris flow (Ballesteros-
Canovas etal., 2015). Due to the limited
formation of deposition features or enduring evi-
dence, debris flows that are strictly constrained
to the channel may also go unnoticed. Each dat-
ing technique has its own limitations, scope,
temporal coverage, and accuracy, and some-
times it is challenging to integrate different data
sources.

Reconstructing the magnitude of debris flows
has its own limitations. It is challenging to
assume channel bedrock stability or to consider
pre-event topographic condition at the level of
a fan or a channel. To reconstruct the topogra-
phy before the event, it is feasible to use preced-
ing topographic data, old maps, aerial pictures,
photographs, or field evidence. Yet, differences
in accuracy, particularly with respect to eleva-
tion, could add significant uncertainties into
the final outcomes. Moreover, approaches used
to model previous debris flows may face some
issues. Thus, debris flows are complex phenom-
ena that could evolve from Newtonian toward
non-Newtonian phases, involving sophisticated
numerical models that require large sets of a-pri-
ori unknown parameters (Trujillo-Vela et al.,
2022). To the contrary, the application of sim-
plified empirical equations or model approaches
could result in misleading magnitude estimates
(Jakob, 2005). The need to apply one approach
or another will depend on the ultimate objec-
tive of the study, as well as its financial and time
limitations, which are generally determined by
experts or end users.

The statistical analysis to create frequency-
magnitude relationships requires independent
and homogeneity assumptions to be fulfilled,
which are often violated in debris-flow analyses.
According to Jakob et al. (2013), the independ-
ent assumption is only warranted in transport-
limited catchments. However, de Haas et al.
(2018a, 2018b) have recently demonstrated that

the magnitude of debris flows, when evaluated
at the fan level, could be influenced by previ-
ous events. The homogeneity assumption is
also difficult to meet because debris flows can
be caused by many different preconditions and
triggering factors. This is particularly the case in
permafrost and transport-unlimited alpine catch-
ments (Bardou & Jaboyedoff, 2008; Lugon and
Stoffel, 2010).

Despite these limitations, the most effi-
cient and accurate approach to performing risk
assessment is to gather baseline debris-flow data
based on field-truthed evidence. In particular,
absolute dating techniques provide a time scale
ranging from thousand to centuries, which is
an appropriate timeframe for most engineering
projects to be undertaken in mountain regions
(Jakob, 2021). Requesting high return peri-
ods for any assessment could be considered
quite naive, given the limitations of the FM
curves when extrapolating beyond the observa-
tion period and in view of the uncertainties that
arise with climate change (Jakob et al., 2020).
Further, lumped-based models or the applica-
tion of hydrological/hydraulic models forced
with climate variables (either observed, interpo-
lated or from ensembles of global/regional mod-
els) require, in any case, a reliable calibration
against truth-evidence that can only come from
the historical record or from the reconstruction
of past events (Jakob et al., 2022). Also, these
approaches tend to oversimplify processes that
occur at the interface between the hillslope and
the channel. Instead, different international and
national policies and strategies dealing with
disaster risk reduction recommend that a robust
assessment based on the observed and recon-
structed impacts of larger events is a more pru-
dent and rational approach for developing further
adaptation strategies in highly vulnerable moun-
tain regions (i.e. EXCIMAP, 2007). This will
be even more relevant in developing countries,
where the impacts of socio-economic develop-
ment and climate change could be significantly
greater than their land-use planning capacity,
which relies on limited-baseline information,
thereby causing long-lasting anomalies and trig-
ger future risk situations (Allen et al., 2018).
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Detailed analyses of past debris-flow activ-
ity will always be necessary at the local level
not only to minimize future impacts but also
to contribute to the scientific advancement of
the discipline, by allowing hypothesis test-
ing and discarding of previously established
theories. Nevertheless, in the coming decades,
remote sensing approaches will become more
relevant, since the quality and quantity of avail-
able remote sensors will improve, allowing
near-real-time monitoring of debris-flow activity
worldwide. These data sources will undoubtedly
contribute to enriching regional archives with
the potential to systematically cover more than
half a century (Landsat 1 was launched in 1972).
When combined with techniques for machine
learning, remote sensing, and in-situ assess-
ments, these will improve definition of debris
flow hazard at regional and local scales.

8.6 Concluding Remarks

Since the publication of the first edition of
the book Debris-Flow Hazard and Related
Phenomena (Jakob & Hungr, 2005), several
advances have been made in the reconstruction
of debris-flow events. Field-based assessments
are required to characterize hazard processes
and to distinguish between different flow pro-
cesses that could co-occur in mountain catch-
ments. In the absence of historical and observed
records, dendrogeomorphic approaches are
highly valuable as they can help improve the
spatiotemporal resolution of debris-flow activity
on forested fans and cover events that occurred
over the past centuries. Radiometric dating tech-
niques are essential to date sediment, especially
in the case of ancient events or in environmen-
tal settings where botanical evidence is not
available. Approaches based on remote sensing
are advantageous when studying debris-flow
activity over the past few years or in remote
areas. The application of these approaches is
greatly dependent on catchment characteris-
tics, although the optimum spatial and temporal
resolution is obtained by combining multiple
methods (Imaizumi et al., 2016a, 2016b). On

the other hand, over the past few decades, a vari-
ety of empirical equations have been proposed,
intending to estimate debris-flow magnitude.
Similarly, the increased availability of easily
configurable numerical hydrodynamic mod-
els and the availability of reasonable resolved
topography data make the use of retrospective
modelling procedures against physical evidence
highly recommended, particularly if the ultimate
objective is to perform hazard and risk assess-
ments. In this sense, the approaches provided
here are grounded in truth-evidence and will
contribute to assertive spatial decision-making
aimed at building a more resilient society to
foreseeable challenges.

Acknowledgements This chapter is dedicated to the
memory of Matthias Jakob, who contributed significantly
to methods of debris flow reconstruction and largely
inspired the development of this discipline to solve
practical issues to the society. The authors gratefully
acknowledge Matthias Jakob, Scott McDougall and Paul
Santi for reviewing this chapter. Juan A. Ballesteros-
Cénovas received funding from the INOVA-RISK
(2020-T1/AMB-19913) and EXTreeM (PID2021-
1245730A-100) projects.

References

Adams, M. S., Fromm, R., & Lechner, V. (2016).
High-resolution debris flow volume mapping
with unmanned aerial systems (UAS) and photo-
grammetric techniques. International Archives of
the Photogrammetry, Remote Sensing & Spatial
Information Sciences, 41.

Alcala-Reygosa, J., Palacios, D., Schimmelpfennig,
I., Vazquez-Selem, L., Garcia-Sancho, L., Franco-
Ramos et al., (2018). Dating late Holocene lava flows
in Pico de Orizaba (Mexico) by means of in situ-pro-
duced cosmogenic 36Cl, lichenometry and dendro-
chronology. Quaternary Geochronology, 47, 93-106.

Allen, S. K., Ballesteros-Canovas, J., Randhawa, S.
S., Singha, A. K., Huggel, C., & Stoffel, M. (2018).
Translating the concept of climate risk into an assess-
ment framework to inform adaptation planning:
Insights from a pilot study of flood risk in Himachal
Pradesh, Northern India. Environmental Science &
Policy, 87, 1-10.

André, M. F. (1990). Frequency of debris flows and slush
avalanches in Spitsbergen: a tentative evaluation from
lichenometry. Polish Polar Research, 11(3-4).

Armstrong, R. A. (2016). Lichenometric dating
(Lichenometry) and the biology of the lichen genus



242

J. A. Ballesteros-Canovas et al.

Rhizocarpon: Challenges and future directions.
Geografiska Annaler: Series a, Physical Geography,
98(3), 183-206.

Ballesteros Canovas, J. A., Eguibar, M., Bodoque, J.
M., Diez-Herrero, A., Stoffel, M., & Gutiérrez-
Pérez, 1. (2011). Estimating flash flood discharge in
an ungauged mountain catchment with 2D hydraulic
models and dendrogeomorphic palaeostage indica-
tors. Hydrological Processes, 25(6), 970-979.

Ballesteros-Cénovas, J. A., Stoffel, M., St George, S., &
Hirschboeck, K. (2015). A review of flood records
from tree rings. Progress in Physical Geography,
39(6), 794-816.

Ballesteros-Cédnovas, J. B., Stoffel, M., Corona, C.,
Schraml, K., Gobiet et al., (2016). Debris flow risk
analysis in a managed torrent based on a stochas-
tic life-cycle performance. Science of the Total
Environment, 557, 142-153.

Ballesteros-Canovas, J.A. and Stoffel, M. (2017).
Biologic Dating Techniques. The International
Encyclopedia of Geography. Richardon, D etal.,
(eds) John Wiley & Sons, DOI: https://doi.
org/10.1002/9781118786352.wbieg0806

Ballesteros Canovas, J. A., Stoffel, M., Martin-Duque,
J. E, Corona, C., Lucia, A., Bodoque, J. M., &
Montgomery, D. R. (2017). Gully evolution and geo-
morphic adjustments of badlands to reforestation.
Scientific Reports, 7(1), 1-8.

Bardou, E., & Jaboyedoff, M. (2008). Debris flows as a
factor of hillslope evolution controlled by a continu-
ous or a pulse process? Geological Society, London,
Special Publications, 296(1), 63-78.

Bennett G, Molnar P, McArdell B, Burlando P.(2014). A
probabilistic sediment cascade model of sedi-
ment transfer in the Illgraben. Water Resources
Research 50(2): 1225- 1244,

Benito G, Ballesteros-Canovas JA, Diez-Herrero A (in
review, 2022). Palacoflood hydrology: Reconstructing
rare events and extreme flood discharges. In
book: Hydro-Meteorological Hazards, Risks, and
DisastersEdition: Hazards and Disasters Series
Chapter: 3 Publisher: Elsevier

Bernhardt, H., Reiss, D., Hiesinger, H., Hauber, E., &
Johnsson, A. (2017). Debris flow recurrence peri-
ods and multi-temporal observations of colluvial
fan evolution in central Spitsbergen (Svalbard).
Geomorphology, 296, 132-141.

Berti, M., & Simoni, A. (2007). Prediction of debris flow
inundation areas using empirical mobility relation-
ships. Geomorphology, 90(1-2), 144—161.

Berti, M., & Simoni, A. (2014). DFLOWZ: A free pro-
gram to evaluate the area potentially inundated by a
debris flow. Computers & Geosciences, 67, 14-23.

Bertrand, M., Liébault, F., & Piégay, H. (2013). Debris
flow susceptibility of upland catchments. Natural
Hazards, 67(2), 497-511.

Blasone, G., Cavalli, M., Marchi, L., & Cazorzi, F.
(2014). Monitoring sediment source areas in a debris
flow catchment using terrestrial laser scanning.
CATENA, 123,23-36.

Bodoque, J. M., Diez-Herrero, A., Eguibar, M. A.,
Benito, G., Ruiz-Villanueva, V., & Ballesteros-
Cénovas, J. A. (2015). Challenges in paleoflood
hydrology applied to risk analysis in mountainous
watersheds—A review. Journal of Hydrology, 529,
449-467.

Bodoque, J. M., Eguibar, M. A., Diez-Herrero, A.,
Gutiérrez-Pérez, 1., & Ruiz-Villanueva, V. (2011).
Can the discharge of a hyperconcentrated flow
be estimated from paleoflood evidence?. Water
Resources Research, 47(12).

Bollschweiler, M., & Stoffel, M. (2010). Tree rings and
debris flows: Recent developments, future directions.
Progress in Physical Geography, 34(5), 625-645.

Bollschweiler, M., Stoffel, M., & Schneuwly, D. M.
(2008). Dynamics in debris flow activity on a forested
cone—a case study using different dendroecological
approaches. CATENA, 72(1), 67-78.

Bovis, M. J., & Jakob, M. (1999). The role of debris
supply conditions in predicting debris flow activ-
ity. Earth Surface Processes and Landforms, 24(11),
1039-1054.

Brardinoni, F., & Hassan, M. A. (2006). Glacial erosion,
evolution of river long profiles, and the organization
of process domains in mountain drainage basins of
coastal British Columbia. Journal of Geophysical
Research: Earth Surface, 111, FO1013.

Bremer, M., & Sass, O. (2012). Combining airborne and
terrestrial laser scanning for quantifying erosion and
deposition by a debris flow event. Geomorphology,
138(1), 49-60.

Brenna, A., Surian, N., Ghinassi, M., & Marchi, L.
(2020). Sediment—water flows in mountain streams:
Recognition and classification based on field evi-
dence. Geomorphology, 371, 107413.

Bull, J. M., Miller, H., Gravley, D. M., Costello, D.,
Hikuroa, D. C. H., & Dix, J. K. (2010). Assessing
debris flows using LIDAR differencing: 18 May 2005
Matata event New Zealand. Geomorphology, 124(1—
2), 75-84.

Bulmer, M. H., Barnouin-Jha, O. S., Peitersen, M. N., &
Bourke, M. (2002). An empirical approach to study-
ing debris flows: Implications for planetary modeling
studies. Journal of Geophysical Research: Planets,
107(ES), 9-1.

Calhoun, N. C., & Clague, J. J. (2018). Distinguishing
between debris flows and hyperconcentrated flows:
An example from the eastern Swiss Alps. Earth
Surface Processes and Landforms, 43(6), 1280-1294.

Cannon, S. H., & DeGraff, J. (2009). The increasing
wildfire and post-fire debris flow threat in western
USA, and implications for consequences of cli-
mate change. In: Landslides—disaster risk reduc-
tion Springer, Berlin, Heidelberg. pp. 177-190.

Cao, C., Zhang, W., Chen, J., Shan, B., Song, S., &
Zhan, J. (2021). Quantitative estimation of debris
flow source materials by integrating multi-source
data: A case study. Engineering Geology, 291,
106222.


http://dx.doi.org/10.1002/9781118786352.wbieg0806
http://dx.doi.org/10.1002/9781118786352.wbieg0806

8 Debris Flow Dating and Magnitude Reconstruction

243

Cato, K., & Goforth, B. (2021). Alluvial Fan Alteration
due to debris flow deposition, incision, and channel
migration at forest falls California. Environmental &
Engineering Geoscience, 27(1), 29-41.

Chen, N. S, Yue, Z. Q., Cui, P, & Li, Z. L. (2007). A
rational method for estimating maximum discharge
of a landslide-induced debris flow: A case study
from southwestern China. Geomorphology, 84(1-2),
44-58.

Chen, J. C., & Chuang, M. R. (2014). Discharge of land-
slide-induced debris flows: case studies of Typhoon
Morakot in southern Taiwan. Natural Hazards and
Earth System Sciences, 14(7), 1719-1730.

Chiverrell, R., & Jakob, M. (2013). Radiocarbon dat-
ing: Alluvial fan/debris cone evolution and hazards.
Dating Torrential Processes on Fans and Cones (pp.
265-282). Springer.

Chow, V.T., 1959, Open-channel hydraulics: New York,
McGraw-Hill Book Co., 680 p.

Church, M., & Jakob, M. (2020). What is a debris flood?.
Water resources research, 56(8), e2020WR027144.
Cook, E. R., & Kairiukstis, L. A. (Eds.). (2013). Methods
of dendrochronology: applications in the environmen-

tal sciences. Springer Science & Business Media.

Costa, J. E. (1984). Physical geomorphology of debris
flows. In Developments and applications of geomor-
phology (pp. 268-317). Springer, Berlin, Heidelberg.

Coviello, V., Theule, J. 1., Crema, S., Arattano, M.,
Comiti, F, Cavalli, M., ... & Marchi, L. (2021).
Combining instrumental monitoring and high-res-
olution topography for estimating sediment yield
in a debris flow catchment. Environmental and
Engineering Geoscience, 27(1), 95-111.

Crosta, G. B., & Dal Negro, P. (2003). Observations
and modelling of soil slip-debris flow initiation pro-
cesses in pyroclastic deposits: The Sarno 1998 event.
Natural Hazards and Earth System Sciences, 3(1/2),
53-69.

De Haas, T., Kleinhans, M. G., Carbonneau, P. E.,
Rubensdotter, L., & Hauber, E. (2015). Surface
morphology of fans in the high-Arctic periglacial
environment of Svalbard: Controls and processes.
Earth-Science Reviews, 146, 163—182.

De Haas, T., Densmore, A. L., Stoffel, M., Suwa,
H., Imaizumi, F., Ballesteros-Canovas, J. A., &
Wasklewicz, T. (2018a). Avulsions and the spatio-
temporal evolution of debris flow fans. Earth-Science
Reviews, 177, 53-175.

De Haas, T., Kruijt, A., & Densmore, A. L. (2018b).
Effects of debris-flow magnitude—frequency distribu-
tion on avulsions and fan development. Earth Surface
Processes and Landforms, 43(13), 2779-2793.

De Haas, T., van den Berg, W., Braat, L., & Kleinhans,
M. G. (2016). Autogenic avulsion, channeliza-
tion and backfilling dynamics of debris-flow fans.
Sedimentology, 63(6), 1596-1619.

De Haas, T., & Densmore, A. L. (2019). Debris flow vol-
ume quantile prediction from catchment morphom-
etry. Geology, 47(8), 791-794.

De Haas, T., Nijland, W., De Jong, S. M., & McArdell,
B. W. (2020). How memory effects, check dams, and
channel geometry control erosion and deposition by
debris flows. Scientific Reports, 10(1), 1-8.

de Haas, T., McArdell, B. W., Nijland, W., /&berg, A.
S., Hirschberg, J., & Huguenin, P. (2022). Flow
and Bed Conditions jointly control Debris-Flow
Erosion and Bulking. Geophysical Research Letters,
€2021GL097611.

Détriché, S., Rodrigues, S., Macaire, J. J., Bonté, P,
Bréhéret, J. G., Bakyono, J. P., & Jugé, P. (2010).
Caesium-137 in sandy sediments of the River Loire
(France): Assessment of an alluvial island evolving over
the last 50 years. Geomorphology, 115(1-2), 11-22.

Dietrich, A., & Krautblatter, M. (2019). Deciphering
controls for debris-flow erosion derived from a
LiDAR-recorded extreme event and a calibrated
numerical model (RoBbichelbach, Germany). Earth
Surface Processes and Landforms, 44(6), 1346-1361.

Dowling, C. A., & Santi, P. M. (2014). Debris flows and
their toll on human life: A global analysis of debris
flow fatalities from 1950 to 2011. Natural Hazards,
71(1),203-227.

Du, R. H., Kang, Z., Chen, X. Q., & Zhu, P. (1987). A
comprehensive investigation and control planning for
debris flow in the Xiaojiang River Basin of Yunnan
Province (p. 33). Sichuan Science and Technology
Press.

Diihnforth, M., Densmore, A. L., Ivy-Ochs, S., Allen,
P. A., & Kubik, P. W. (2007). Timing and patterns
of debris flow deposition on Shepherd and Symmes
creek fans, Owens Valley, California, deduced from
cosmogenic 10Be. Journal of Geophysical Research:
Earth Surface, 112, FO3S15.

Diihnforth, M., Densmore, A. L., Ivy-Ochs, S., Allen,
P., & Kubik, P. W. (2017). Early to Late Pleistocene
history of debris flow fan evolution in western Death
Valley (California) using cosmogenic 10Be and 26Al.
Geomorphology, 281, 53-65.

D’Arcy, M., Roda Boluda, D. C., Whittaker, A. C., &
Carpineti, A. (2015). Dating alluvial fan surfaces in
Owens Valley, California, using weathering fractures
in boulders. Earth Surface Processes and Landforms,
40(4), 487-501.

D’Arcy, M., Mason, P. J., Roda-Boluda, D. C.,
Whittaker, A. C., Lewis, J. M., & Najorka, J. (2018).
Alluvial fan surface ages recorded by Landsat-8
imagery in Owens Valley, California. Remote Sensing
of Environment, 216, 401-414.

Ellett, N. G., Pierce, J. L., & Glenn, N. E (2019).
Partitioned by process: Measuring post-fire debris-
flow and rill erosion with Structure from Motion
photogrammetry. Earth Surface Processes and
Landforms, 44(15), 3128-3146.

Evans, D. J. A., Archer, S., & Wilson, D. J. H. (1999).
A comparison of the lichenometric and Schmidt ham-
mer dating techniques based on data from the pro-
glacial areas of some Icelandic glaciers. Quaternary
Science Reviews, 18(1), 13-41.



244

J. A. Ballesteros-Canovas et al.

EXCIMAP (2007) Handbook on good practices for flood
mapping in Europe. European exchange circle on
flood mapping. EU-JRC. pp 60

Franco-Ramos, O., Ballesteros-Canovas, J. A., Terrazas,
T., Stoffel, M., Viazquez-Selem, L., & Cerano-
Paredes, J. (2022). Reconstruction of gully erosion
based on exposed tree roots in a recent landform of
Paricutin Volcano Mexico. Earth Surface Processes
and Landforms, 47(3), 742-755.

Friedman, J. M., Vincent, K. R., & Shafroth, P. B.
(2005). Dating floodplain sediments using tree-ring
response to burial. Earth Surface Processes and
Landforms, 30(9), 1077-1091.

Frodella, W., Salvatici, T., Pazzi, V., Morelli, S., & Fanti,
R. (2017). GB-InSAR monitoring of slope deforma-
tions in a mountainous area affected by debris flow
events. Natural Hazards and Earth System Sciences,
17(10), 1779-1793.

Fuchs, M., & Owen, L. A. (2008). Luminescence dat-
ing of glacial and associated sediments: Review,
recommendations and future directions. Boreas, 37,
636-659.

Gao, Y. C., Chen, N. S., Hu, G. S., & Deng, M. E. (2019).
Magnitude-frequency relationship of debris flows
in the Jiangjia Gully China. Journal of Mountain
Science, 16(6), 1289—-1299.

Gartner, J. E., Cannon, S. H., & Santi, P. M. (2014).
Empirical models for predicting volumes of sediment
deposited by debris flows and sediment-laden floods
in the Transverse Ranges of southern California.
Engineering Geology, 176, 45-56.

Germain, D., Gavrila, I. G., Elizbarashvili, M., & Pop,
O. T. (2020). Multidisciplinary approach to sedi-
ment connectivity between debris flow channel net-
work and the Dolra River, Mazeri Valley, Southern
Caucasus Georgia. Geomorphology, 371, 107455.

Ghamisi, P, Rasti, B., Yokoya, N., Wang, Q., Hofle,
B., Bruzzone, L., ... & Benediktsson, J. A. (2019).
Multisource and multitemporal data fusion in remote
sensing: A comprehensive review of the state of the
art. IEEE Geoscience and Remote Sensing Magazine,
7(1), 6-39.

Gottesfeld, A. S. (1996). British Columbia flood scars:
Maximum flood-stage indicators. Geomorphology,
14(4), 319-325.

Griswold, J. P., & Iverson, R. M. (2008). Mobility statis-
tics and automated hazard mapping for debris flows
and rock avalanches. US Department of the Interior,
US Geological Survey.

Han, Z., Chen, G., Li, Y., Wang, W., & Zhang, H. (2015).
Exploring the velocity distribution of debris flows:
An iteration algorithm based approach for complex
cross-sections. Geomorphology, 241, 72-82.

Heiser, M., Schlogl, M., Scheidl, C., & Fuchs, S. (2022).
Comment on “Hydrometeorological Triggers of
Periglacial Debris Flows in the Zermatt Valley
(Switzerland) Since 1864 by Michelle Schneuwly-

Bollschweiler and Markus Stoffel. Journal of
Geophysical — Research:  Earth  Surface, 127(3),
€2021JF006562.

Helsen, M. M., Koop, P. J. M., & Van Steijn, H. (2002).
Magnitude—frequency relationship for debris flows on
the fan of the Chalance torrent, Valgaudemar (French
Alps). Earth Surface Processes and Landforms,
27(12), 1299-1307.

Hoch, O. J., McGuire, L. A., Youberg, A. M., & Rengers,
F. K. (2021). Hydrogeomorphic recovery and tem-
poral changes in rainfall thresholds for debris flows
following wildfire. Journal of Geophysical Research:
Earth Surface, 126(12), €2021JF006374

Horton, P.,, Jaboyedoff, M., Rudaz, B. E. A., &
Zimmermann, M. (2013). Flow-R, a model for sus-
ceptibility mapping of debris flows and other gravi-
tational hazards at a regional scale. Natural Hazards
and Earth System Sciences, 13(4), 869-885.

Huang, J., Hales, T. C., Huang, R., Ju, N., Li, Q.,
& Huang, Y. (2020). A hybrid machine-learning
model to estimate potential debris flow volumes.
Geomorphology, 367, 107333.

Hungr, O., McDougall, S., Wise, M., & Cullen, M.
(2008). Magnitude—frequency relationships of debris
flows and debris avalanches in relation to slope relief.
Geomorphology, 96(3—4), 355-365.

Hungr, O., Morgan, G. C., & Kellerhals, R. (1984).
Quantitative analysis of debris torrent hazards for
design of remedial measures. Canadian Geotechnical
Journal, 21(4), 663-6717.

Ikeda, A., Mizuyama, T. and Itoh, T. (2019) Study of
prediction methods of debris flow peak discharge.
7th International Conference on Debris flow Hazards
Mitigation, Golden, USA

Imaizumi, F., Sidle, R. C., Tsuchiya, S., & Ohsaka,
O. (2006). Hydrogeomorphic processes in a steep
debris flow initiation zone. Geophysical Research
Letters, 33(10).

Imaizumi, F., Tsuchiya, S., & Ohsaka, O. (2016a). Field
observations of debris flow initiation processes on
sediment deposits in a previous deep-seated landslide
site. Journal of Mountain Science, 13(2), 213-222.

Imaizumi, F., Trappmann, D., Matsuoka, N., Tsuchiya,
S., Ohsaka, O., & Stoffel, M. (2016b). Biographical
sketch of a giant: Deciphering recent debris flow
dynamics from the Ohya landslide body (Japanese
Alps). Geomorphology, 272, 102-114.

Imaizumi, F., Masui, T., Yokota, Y., Tsunetaka, H.,
Hayakawa, Y. S., & Hotta, N. (2019). Initiation and
runout characteristics of debris flow surges in Ohya
landslide scar, Japan. Geomorphology, 339, 58—69.

Innes, J. L. (1985). Lichenometric dating of debris-
flow deposits on alpine colluvial fans in southwest
Norway. Earth Surface Processes and Landforms,
10(5), 519-524.

Irmler, R., Daut, G., & Méiusbacher, R. (2006). A debris
flow calendar derived from sediments of lake Lago di
Braies (N. Italy). Geomorphology, 77(1-2), 69-78.

Iverson, R. M. (2014). Debris flows: Behaviour and haz-
ard assessment. Geology Today, 30(1), 15-20.

Iverson, R. M. (2012). Elementary theory of bed-sediment
entrainment by debris flows and avalanches. Journal
of Geophysical Research: Earth Surface, 117(F3)



8 Debris Flow Dating and Magnitude Reconstruction

245

Iverson, R. M., & George, D. L. (2014). A depth-aver-
aged debris flow model that includes the effects of
evolving dilatancy. 1. Physical basis. Proceedings
of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 470(2170), 20130819.

Iverson, R. M., & Ouyang, C. (2015). Entrainment of
bed material by Earth-surface mass flows: Review
and reformulation of depth-integrated theory. Reviews
of Geophysics, 53(1), 27-58.

Iverson, R. M., LaHusen, R. G., Major, J. J., &
Zimmerman, C. L. (1994). Debris flow against
obstacles and bends: Dynamics and deposits. Eos,
Transactions, American Geophysical Union, 75, 274.

Iverson, R. M., Reid, M. E., & LaHusen, R. G. (1997).
Debris flow mobilization from landslides. Annual
Review of Earth and Planetary Sciences, 25(1),
85-138.

Iverson, R. M., Schilling, S. P., & Vallance, J. W. (1998).
Objective  delineation of lahar-inundation haz-
ard zones. Geological Society of America Bulletin,
110(8), 972-984.

Iverson, R. M., Reid, M. E., Logan, M., LaHusen, R.
G., Godt, J. W., & Griswold, J. P. (2011). Positive
feedback and momentum growth during debris flow
entrainment of wet bed sediment. Nature Geoscience,
4(2), 116-121.

Iverson, R. M., Logan, M., LaHusen, R. G., & Berti,
M. (2010). The perfect debris flow? Aggregated
results from 28 large-scale experiments. Journal of
Geophysical Research: Earth Surface, 115(F3).

Iverson, R. M., George, D. L., & Logan, M. (2016).
Debris flow runup on vertical barriers and adverse
slopes. Journal of Geophysical Research: Earth
Surface, 121(12), 2333-2357.

Jakob, M. (2005). Debris flow hazard analysis. Debris
Sflow hazards and related phenomena (pp. 411-443).
Springer.

Jakob, M. (2010). State of the art in debris flow research:
the role of dendrochronology. Tree Rings and Natural
Hazards, 183-192.

Jakob, M. (2021). Debris flow hazard assessments: A
practitioner’s view. Environmental & Engineering
Geoscience, 27(2), 153-166.

Jakob, M., & Hungr, O. (2005). Debris flow hazards and
related phenomena (Vol. 739). Springer.

Jakob, M., & Friele, P. (2010). Frequency and magnitude
of debris flows on Cheekye River British Columbia.
Geomorphology, 114(3), 382-395.

Jakob, M., McDougall, S., Weatherly, H., & Ripley, N.
(2013). Debris flow simulations on cheekye river,
british columbia. Landslides, 10(6), 685—699.

Jakob, M., Holm, K., & McDougall, S. (2016).
Debris flow risk assessment. In: Oxford Research
Encyclopedia of Natural Hazard Science.

Jakob, M., Weatherly, H., Bale, S., Perkins, A., &
MacDonald, B. (2017). A multifaceted debris flood
hazard assessment for Cougar Creek, Alberta,
Canada. Hydrology, 4, 4-1.

Jakob, M., Mark, E., McDougall, S., Friele, P., Lau, C.
A., & Bale, S. (2020). Regional debris-flow and
debris-flood  frequency—magnitude  relationships.
Earth Surface Processes and Landforms, 45(12),
2954-2964.

Jakob, M., Davidson, S., Bullard, G., Busslinger, M.,
Collier-Pandya, B., Grover, P.,, & Lau, C. A. (2022).
Debris-Flood Hazard Assessments in Steep Streams.
Water Resources Research, 58(4), €2021WR030907.

Jeong, S. W. (2010). Grain size dependent rheology on
the mobility of debris flows. Geosciences Journal,
14(4), 359-369.

Jitousono, T., Shimokawa, E., & Tsuchiya, S. (1996).
Debris flow following the 1984 eruption with pyro-
clastic flows in Merapi volcano, Indonesia. Journal
of the Japan Society of Erosion Control Engineering,
48(Special), 109-116.

Johnstone, E., Macklin, M. G., & Lewin, J. (2006). The
development and application of a database of radi-
ocarbon-dated Holocene fluvial deposits in Great
Britain. CATENA, 66(1-2), 14-23.

Jomelli, V. (2013). Lichenometric dating of debris ava-
lanche deposits with an example from the French
Alps. Dating Torrential Processes on Fans and Cones
(pp. 211-224). Springer.

Kadavi, P. R, Lee, C. W., & Lee, S. (2018). Application
of ensemble-based machine learning models to land-
slide susceptibility mapping. Remote Sensing, 10(8),
1252.

Kiefer, C., Oswald, P., Moernaut, J., Fabbri, S. C., Mayr,
C., Strasser, M., & Krautblatter, M. (2021). A 4000-
year debris flow record based on amphibious inves-
tigations of fan delta activity in Plansee (Austria,
Eastern Alps). Earth Surface Dynamics, 9(6),
1481-1503.

Koch, T. (1998). Testing various constitutive equa-
tions for debris flow modelling. IAHS Publications-
Series of Proceedings and Reports- Intern Assoc
Hydrological Sciences, 248, 249-258.

Lancaster, S. T., & Casebeer, N. E. (2007). Sediment
storage and evacuation in headwater valleys at the
transition between debris flow and fluvial processes.
Geology, 35(11), 1027-1030.

Lary, D. J., Alavi, A. H., Gandomi, A. H., & Walker,
A. L. (2016). Machine learning in geosciences and
remote sensing. Geoscience Frontiers, 7(1), 3-10.

Lato, M. J. (2020). Canadian Geotechnical Colloquium:
Three-dimensional remote sensing, four-dimensional
analysis and visualization in geotechnical engi-
neering — State of the art and outlook. Canadian
Geotechnical Journal, 58, 1065-1076.

Lato, M. J., Anderson, S., & Porter, M. J. (2019).
Reducing landslide risk using airborne lidar scan-
ning data. Journal of Geotechnical and Geoen-
Vironmental Engineering, 145(9), 06019004.

Lian, O. B., & Roberts, R. G. (2006). Dating the quater-
nary: Progress in luminescence dating of sediments.
Quaternary Science Reviews, 25(19-20), 2449-2468.



246

J. A. Ballesteros-Canovas et al.

Liritzis, 1., Singhvi, A. K., Feathers, J. K., Wagner, G.
A., Kadereit, A., Zacharias, N., & Li, S. H. (2013).
Luminescence dating in archaeology, anthropology,
and geoarchaeology: An overview (pp. 2826-2885).
Springer.

Liu, J. J., Li, Y., Su, P. C., & Cheng, Z. L. (2008).
Magnitude—frequency relations in debris flow.
Environmental Geology, 55(6), 1345-1354.

Lo, D. O. K. (2000). Review of natural terrain land-
slide debris-resisting barrier design. Geotechnical
Engineering Office, Civil Engineering Department.

Lugon, R., & Stoffel, M. (2010). Rock-glacier dynamics
and magnitude—frequency relations of debris flows in
a high-elevation watershed: Ritigraben Swiss Alps.
Global and Planetary Change, 73, 202-210.

Ma, C., Hu, K., & Tian, M. (2013). Comparison of debris
flow volume and activity under different formation
conditions. Natural Hazards, 67(2), 261-273.

Macklin, M. G., Rumsby, B. T., & Heap, T. (1992).
Flood alluviation and entrenchment: Holocene valley-
floor development and transformation in the British
uplands. Geological Society of America Bulletin,
104(6), 631-643.

Malik, 1., & Matyja, M. (2008). Bank erosion history
of a mountain stream determined by means of ana-
tomical changes in exposed tree roots over the last
100 years (Bila Opava River—Czech Republic).
Geomorphology, 98(1-2), 126-142.

Mao, L., Cavalli, M., Comiti, F., Marchi, L., Lenzi, M.
A., & Arattano, M. (2009). Sediment transfer pro-
cesses in two Alpine catchments of contrasting mor-
phological settings. Journal of Hydrology, 364(1-2),
88-98.

Marchi, L., & Cavalli, M. (2007). Procedures for
the documentation of historical debris flows:
Application to the Chieppena Torrent (Italian Alps).
Environmental Management, 40(3), 493-503.

Marchi, L., & Tecca, P. R. (2006). Some observations on
the use of data from historical documents in debris
flow studies. Natural Hazards, 38(3), 301-320.

Matthews, J. A., McEwen, L. J., Owen, G., & Los, S.
(2020). Holocene alluvial fan evolution, Schmidt-
hammer exposure-age dating and paraglacial debris
floods in the SE Jostedalsbreen region, southern
Norway. Boreas, 49(4), 886-902.

McCoy, S. W., Kean, J. W., Coe, J. A., Staley, D. M.,
Wasklewick, T. A., & Tucker, G. E. (2010). Evolution
of a natural debris flow: In situ measurements of flow
dynamics, video imagery, and terrestrial laser scan-
ning. Geology, 38(8), 735-738.

McCoy, S. W. (2015). Research Focus: Infrequent, large-
magnitude debris flows are important agents of land-
scape change. Geology, 43(5), 463—-464.

Mitchell, A., Zubrycky, S., McDougall, S., Aaron, J.,
Jacquemart, M., Hiibl, J., ... & Graf, C. (2022).
Variable hydrograph inputs for a numerical debris
flow runout model. Natural Hazards and Earth
System Sciences, 22(5), 1627-1654.

Mizuyama, T., Kobashi, S., & Ou, G. (1992). Prediction
of debris flow peak discharge. In: Proc. Int. Symp.
INTERPRAEVENT, Bern, Switzerland, Bd. 4, pp.
99-108.

Muiioz-Salinas, E., Castillo, M., Franco-Ramos, O.,
Arce, J. L., Sanderson, D. C. W., & Cresswell,
A. C. (2020). Assessing paraglacial processes at
Nexpayantla Gorge (Popocatépetl volcano, Central
Mexico) using OSL and 14C. Earth Surface
Processes and Landforms, 45(11), 2450-2462.

Muiioz-Torrero Manchado, A., Allen, S., Ballesteros-
Canovas, J. A., Dhakal, A., Dhital, M. R., & Stoffel,
M. (2021). Three decades of landslide activity in
western Nepal: New insights into trends and climate
drivers. Landslides, 18(6), 2001-2015.

Muiioz-Torrero Manchado, A., Ballesteros-Canovas,
J. A., Allen, S., & Stoffel, M. (2022). Deforestation
controls landslide susceptibility in far-Western Nepal.
CATENA, 219, 106627.

Mwaniki, M. W., Kuria, D. N., Boitt, M. K., & Ngigi, T.
G. (2017). Image enhancements of Landsat 8 (OLI)
and SAR data for preliminary landslide identification
and mapping applied to the central region of Kenya.
Geomorphology, 282, 162—-175.

Mizuyama, T. (1988). Technical standard for the meas-
ures against debris flow. Technical memorandum of
PWRI, 2632, 48.

Nagl, G., Hubl, J., & Kaitna, R. (2020). Velocity pro-
files and basal stresses in natural debris flows. Earth
Surface Processes and Landforms, 45(8), 1764-1776.

Nolde, N., & Joe, H. (2013). A Bayesian extreme value
analysis of debris flows. Water Resources Research,
49(10), 7009-7022.

Pastorello, R., D’Agostino, V., & Hiirlimann, M. (2020).
Debris flow triggering characterization through a
comparative analysis among different mountain
catchments. CATENA, 186, 104348.

Patton, A. 1., Rathburn, S. L., Bilderback, E. L., &
Lukens, C. E. (2018). Patterns of debris flow ini-
tiation and periglacial sediment sourcing in the
Colorado Front Range. Earth Surface Processes and
Landforms, 43(15), 2998-3008.

Pavlova, 1., Jomelli, V., Brunstein, D., Grancher, D.,
Martin, E., & Déqué, M. (2014). Debris flow activ-
ity related to recent climate conditions in the French
Alps: A regional investigation. Geomorphology, 219,
248-259.

Pierson, T. C. (2005). Hyperconcentrated flow; transi-
tional process between water flow and debris flow.
In M. Jakob & O. Hungr (Eds.), Debris flow Hazards
and Related Phenomena (pp. 159-202). Springer.

Prochaska, A. B., Santi, P. M., Higgins, J. D., & Cannon,
S. H. (2008a). Debris flow runout predictions based
on the average channel slope (ACS). Engineering
Geology, 98(1-2), 29-40.

Prochaska, A. B., Santi, P. M., Higgins, J. D., & Cannon,
S. H. (2008b). A study of methods to estimate debris
flow velocity. Landslides, 5(4), 431-444.



8 Debris Flow Dating and Magnitude Reconstruction

247

Procter, C. (2012). Debris flow dynamics: A flume study
of velocity and superelevation (Doctoral dissertation,
Durham University).

Reimer PJ, Bard E, Bayliss A, Beck JW, Blackwell
PG, Bronk Ramsey C, Buck CE etal., (2013).
IntCall3 and Marinel3 radiocarbon age calibra-
tion curves 0-50,000 years cal BP. Radiocarbon
55(4):1869-1887.

Rengers, F. K., McGuire, L. A., Coe, J. A, Kean, J. W.,
Baum, R. L., Staley, D. M., & Godt, J. W. (2016).
The influence of vegetation on debris flow initia-
tion during extreme rainfall in the northern Colorado
Front Range. Geology, 44(10), 823-826.

Rickenmann, D. (1990). Debris flows 1987 in
Switzerland: modelling and fluvial sediment trans-
port. Hydrology in Mountainous Regions, 371-378.

Rickenmann, D. (1999). Empirical relationships for
debris flows. Natural hazards, 19(1), 47-77.

Rickenmann, D., & Koschni, A. (2010). Sediment loads
due to fluvial transport and debris flows during the
2005 flood events in Switzerland. Hydrological
Processes: An International Journal, 24(8), 993—-1007.

Rickenmann, D., Scheidl, C. (2013). Debris flow
Runout and Deposition on the Fan. In: Schneuwly-
Bollschweiler, M., Stoffel, M., Rudolf-Miklau,
F. (eds) Dating Torrential Processes on Fans and
Cones. Advances in Global Change Research,
vol  47. Springer,  Dordrecht.  https://doi.
org/10.1007/978-94-007-4336-6_5

Rickenmann, D., Karrer, T., McArdell, B., & Scheidl,
C. (2019). Small scale debris flow experiments on
run-up height. Association of Environmental and
Engineering Geologists; special publication 28.

Rodriguez-Morata, C., Villacorta, S., Stoffel, M., &
Ballesteros-Cénovas, J. A. (2019). Assessing strategies
to mitigate debris flow risk in Abancay province, south-
central Peruvian Andes. Geomorphology, 342, 127-139.

Rosenwinkel, S., Korup, O., Landgraf, A., &
Dzhumabaeva, A. (2015). Limits to lichenometry.
Quaternary Science Reviews, 129, 229-238.

Savi, S., Norton, K. P., Picotti, V., Akcar, N., Delunel,
R., Brardinoni, F., ... & Schlunegger, F. (2014).
Quantifying sediment supply at the end of the last
glaciation: Dynamic reconstruction of an alpine
debris flow fan. Bulletin, 126(5-6), 773-790

Scheidl, C., McArdell, B. W., & Rickenmann, D. (2015).
Debris flow velocities and superelevation in a curved
laboratory channel. Canadian Geotechnical Journal,
52(3), 305-317.

Scheidl, C., McArdell, B., Nagl, G., & Rickenmann, D.
(2019). Debris flow behavior in super-and subcriti-
cal conditions. Association of Environmental and
Engineering Geologists; special publication 28.

Schimmel, A., Coviello, V., & Comiti, F. (2022). Debris
flow velocity and volume estimations based on
seismic data. Natural Hazards and Earth System
Sciences, 22(6), 1955-1968.

Schlogl, M., Fuchs, S., Scheidl, C., & Heiser, M. (2021).
Trends in torrential flooding in the Austrian Alps: A

combination of climate change, exposure dynamics,
and mitigation measures. Climate Risk Management,
32, 100294.

Schlunegger, F., Badoux, A., McArdell, B. W., Gwerder,
C., Schnydrig, D., Rieke-Zapp, D., & Molnar, P.
(2009). Limits of sediment transfer in an alpine
debris flow catchment, Illgraben. Switzerland.
Quaternary Science Reviews, 28(11-12), 1097-1105.

Schneuwly, M., Corona, C., & Stoffel, M. (2013). How
to improve dating quality and reduce noise in tree-
ring based debris flow reconstructions. Quaternary
Geochronology, 18, 110-118.

Schneuwly-Bollschweiler, M., & Stoffel, M. (2012).
Hydrometeorological triggers of periglacial debris flows
in the Zermatt valley (Switzerland) since 1864. Journal
of Geophysical Research: Earth Surface, 117(F2).

Schraml, K., Kogelnig, B., Scheidl, C., Stoffel, M., &
Kaitna, R. (2013). Estimation of debris flood mag-
nitudes based on dendrogeomorphic data and semi-
empirical relationships. Geomorphology, 201, 80-85.

Schulte, L., Wetter, O., Wilhelm, B., Pefia, J. C., Amann,
B., Wirth, S. B., ... & Gomez-Bolea, A. (2019).
Integration of multi-archive datasets for the develop-
ment of a four-dimensional paleoflood model of alpine
catchments. Global and Planetary Change, 180, 66—88.

Schiirch, P., Densmore, A. L., Ivy-Ochs, S., Rosser,
N. J., Kober, F., Schlunegger, F, ... & Alfimov, V.
(2016). Quantitative reconstruction of late Holocene
surface evolution on an alpine debris flow fan.
Geomorphology, 275, 46-57.

Schiirch, P., Densmore, A. L., Rosser, N. J., Lim, M., &
McArdell, B. W. (2011). Detection of surface change
in complex topography using terrestrial laser scan-
ning: Application to the Illgraben debris-flow chan-
nel. Earth Surface Processes and Landforms, 36(14),
1847-1859.

Shen, P., Zhang, L., Chen, H., & Fan, R. (2018). EDDA
2.0: integrated simulation of debris flow initiation and
dynamics considering two initiation mechanisms.
Geoscientific Model Development, 11(7), 2841-2856.

Steger, S., Scorpio, V., Comiti, F., & Cavalli, M. (2022)
Data-driven modelling of joint debris flow release
susceptibility ~and  connectivity. Earth  Surface
Processes and Landforms.

Stoffel, M. (2010). Magnitude-frequency relationships
of debris flows — A case study based on field surveys
and tree-ring records. Geomorphology, 116, 67-76.

Stoffel, M., Mendlik, T., Schneuwly-Bollschweiler, M.,
& Gobiet, A. (2014). Possible impacts of climate
change on debris flow activity in the Swiss Alps.
Climatic Change, 122, 141-155.

Stoffel, M., Ballesteros Canovas, J. A., Corona, C., &
Trappmann, D. G. (2016). Dendrogeomorphology.
International Encyclopedia of Geography: People,
the Earth, Environment and Technology: People, the
Earth, Environment and Technology, 1-9.

Stoffel, M., & Corona, C. (2014). Dendroecological dat-
ing of geomorphic disturbance in trees. Tree-Ring
Research, 70(1), 3-20.


http://dx.doi.org/10.1007/978-94-007-4336-6_5
http://dx.doi.org/10.1007/978-94-007-4336-6_5

248

J. A. Ballesteros-Canovas et al.

Takahashi, T. (1981). Debris flow. Annual Review of
Fluid Mechanics, 13(1), 57-77.

Takahashi, T. (1991). Debris flow. JAHR monograph
series. Rotterdam: Balkema. 165 pp.

Takahashi, Y., Fujimura, N., Akita, H., & Mizuno, M.
(2019). Dynamic characteristics of extreme superel-
evation of debris flows observed by laser profile scan-
ners in Sakura-jima volcano, Japan. Association of
Environmental and Engineering Geologists; special
publication 28.

Tanarro Garcia, L. M., Palacios Estremera, D., Fernandez
Fernandez, J. M., de Pablo, A., Oliva, M., Rodriguez
Mena, M., ... & Keddadouche, K. (2022). Origins of
the divergent evolution of mountain glaciers during
deglaciation: Hofsdalur cirques, Northern Iceland.
Ene, 8, 32.

Tarolli, P., & Dalla Fontana, G. (2009). Hillslope-to-
valley transition morphology: New opportunities
from high resolution DTMs. Geomorphology, 113(1—
2), 47-56.

Thouret, J. C., Antoine, S., Magill, C., & Ollier, C.
(2020). Lahars and debris flows: Characteristics and
impacts. Earth-Science Reviews, 201, 103003.

Tichavsky, R., Fabidnova, A., Koutroulis, A., &
Spélovsky, V. (2022). Occasional but severe:
Past debris flows and snow avalanches in the
Helmos Mrts.(Greece) reconstructed from tree-ring
records. Science of The Total Environment, 157759.

Torresani, L., d'Agostino, V., & Piton, G. (2021).
Deciphering sediment Connectivity Index and ero-
sion pattern in a debris flow catchment. In 14th
INTERPRAEVENT Congress: Natural hazards in a
changing world (pp. 303-311).

Trujillo-Vela, M. G., Ramos-Cafién, A. M., Escobar-
Vargas, J. A., & Galindo-Torres, S. A. (2022).
An overview of debris flow mathematical model-
ling. Earth-Science Reviews, 104135.

van Steijn, H. (1996). Debris flow magnitude—fre-
quency relationships for mountainous regions of
Central and Northwest Europe. Geomorphology,
15(3-4), 259-273.

VanDine, D. E. (1996). Debris flow control structures for
forest engineering. Res. Br., BC Min. For., Victoria,
BC, Work. Pap, 8, 1996.

Wang, T., Chen, J., Chen, X., You, Y., & Cheng, N.
(2018). Application of incomplete similarity theory to
the estimation of the mean velocity of debris flows.
Landslides, 15(10), 2083-2091.

Wang, Z., You, Y., Zhang, G., Feng, T., Liu, J., Lv, X.,
& Wang, D. (2021). Superelevation analysis of the
debris flow curve in Xiedi gully, China. Bulletin of

Engineering Geology and the Environment, 80(2),
967-978.

Wigmosta, M. S. (1983). Rheology and flow dynamics of
the Toutle debris flows from Mt. St. Helens (Doctoral
dissertation, University of Washington).

Wilhelm, B., Ballesteros Céanovas, J. A., Macdonald,
N., Toonen, W. H., Baker, V., Barriendos, M., ... &
Wetter, O. (2019). Interpreting historical, botanical,
and geological evidence to aid preparations for future
floods. Wiley Interdisciplinary Reviews: Water, 6(1),
el318.

Winter, M. G., Dent, J., Macgregor, F., Dempsey, P.,
Motion, A., & Shackman, L. (2010). Debris flow,
rainfall and climate change in Scotland. Quarterly
Journal of Engineering Geology and Hydrogeology,
43(4), 429-446.

Witt, A. C. (2005). A brief history of debris flow occur-
rence in the French Broad River Watershed, western
North Carolina. The North Carolina Geographer, 13,
59-82.

Woodget, A. S., Carbonneau, P. E., Visser, F, &
Maddock, I. P. (2015). Quantifying submerged flu-
vial topography using hyperspatial resolution UAS
imagery and structure from motion photogramme-
try. Earth Surface Processes and Landforms, 40(1),
47-64.

Yang, Z. N. (1985). Preliminary study on the flowing
velocity of viscous debris flows due to intense rain-
fall. Research of debris flows. Proceeding of the
Lanzhou Institute of Glaciology and Cryopedology,
Chinese Academy of Sciences, (4).

Zaginaev, V., Ballesteros-Canovas, J. A., Erokhin,
S., Matov, E., Petrakov, D., & Stoffel, M. (2016).
Reconstruction of glacial lake outburst floods in
northern Tien Shan: Implications for hazard assess-
ment. Geomorphology, 269, 75-84.

Zhang, N., & Matsushima, T. (2018). Numerical investi-
gation of debris materials prior to debris flow hazards
using satellite images. Geomorphology, 308, 54-63.

Zhao, Q., Thomsen, K. J., Murray, A. S., Wei, M., Pan,
B., Song, B., ... & Chen, H. (2015). Testing the use
of OSL from quartz grains for dating debris flows
in Miyun, northeast Beijing, China. Quaternary
Geochronology, 30, 320-327.

Zubrycky, S., Mitchell, A., McDougall, S., Strouth, A.,
Clague, J. J., & Menounos, B. (2021). Exploring
new methods to analyse spatial impact distributions
on debris-flow fans using data from south-western
British Columbia. Earth Surface Processes and
Landforms, 46(12), 2395-2413.



	8 Debris Flow Dating and Magnitude Reconstruction 
	Abstract
	Abbreviations
	8.1	Introduction
	8.2	Identifying Debris Flow Occurrence
	8.3	Debris Flow Dating Techniques
	8.3.1	Remote Sensing Approach
	8.3.2	Radiometric Dating Techniques
	8.3.3	Biological Dating Techniques
	8.3.4	Historical Records

	8.4	Debris Flow Magnitude Estimates
	8.4.1	Estimating Debris Flow Volume
	8.4.2	Initiation Volumes at Hillslopes
	8.4.3	Entrainment of Sediment Along Channels
	8.4.4	Estimation of Deposited Volumes
	8.4.5	Estimating Peak Discharge
	8.4.6	Estimating the Affected Area
	8.4.7	Numerical Models
	8.4.8	Empirical Relationships

	8.5	Frequency-Magnitude Relationships
	8.5.1	Limitations and Prospects

	8.6	Concluding Remarks
	References


